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PLANT GROWTH REGULATORS
 
INTRODUCTION
 
The rapid resumption of root growth after planting is
 
thought to be one of the principle processes responsible
 
for tree seedling survival after transplanting.  Plant
 
growth regulators have been implicated in almost all
 
aspects of root growth and development.  Plant roots,
 
mycorrhizal fungi and rhizosphere bacteria are known to
 
produce a variety of plant growth regulators, their
 
precursors and co-factors.  To date, most research has
 
emphasized in vitro conditions for production of growth
 
regulators or have been qualitative in vivo studies that
 
only allow extrapolation to natural systems.  A better
 
knowledge of the roles of plant growth regulators in
 
tripartite associations between seedling roots,
 
mycorrhizal fungi and rhizosphere bacteria is needed if
 
certain aspects of these associations are to be
 
manipulated to improve seedling growth.
 
The overall objective of the research was to assess
 
the contributions of mycorrhizal fungi and exogenously
 
applied plant growth regulators to root growth resulting
 
from ethylene and auxin mediation.  These interactions
 
were investigated in several experiments attempting to
 2 
relate the following previously demonstrated phenomena,
 
with unequivocable evidence, into a single root growth
 
process.
 
(1)	  Increased root growth after transplanting increases
 
seedling survival.
 
(2)	  Mycorrhizal fungi increase seedling survival after
 
transplanting.
 
(3)	  Mycorrhizal fungi increase root growth.
 
(4)	  Changes in endogenous auxin concentrations in roots
 
increase root growth.
 
(5)	  Exogenous application of auxins and ethylene to
 
roots increases endogenous root auxin concentrations.
 
(6)	  Mycorrhizal fungi produce auxins, ethylene, their
 
metabolic intermediates and co-factors.
 
(7)	  Manipulation of the mycorrhizosphere can increase
 
root growth and seedling survival through growth
 
regulator mediation.
 
Evidence relating these phenomena will benefit
 
further development of procedures to increase transplant
 
survival based on the characteristics inherent within
 
associations between plants and symbiotic fungi.
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CHAPTER 1
 
REVIEW OF LITERATURE
 
PLANT GROWTH AND DEVELOPMENT
 
Forest Tree Seedling Growth and Survival
 
Plant survival and growth can be influenced by three
 
factors integrated over the ontogeny of the individual
 
plant (Waring and Phillips 1981):  (a) Abiotic, (b)
 
Extrinsic Biotic(microorganisms, plants, animals), and (c)
 
Intrinsic Biotic (development, genetics).
 
Extrinsic and intrinsic biotic factors affect plant
 
survival and growth by means of the same physical and
 
chemical processes which ultimately are influenced by the
 
abiotic factors of the out-planting site.  With this in
 
mind, forest nursery production practices emphasize
 
manipulation of the biotic factors to produce seedlings
 
targeted for sites of specific edaphic character.  On dry
 
sites, where rapid resumption of root growth is of
 
paramount importance (Burdett 1984; Ritchie 1984; Stone
 
1955), nurseries strive to grow seedlings which are both
 
extrinsically and intrinsically capable of rapid root
 
growth after outplanting.
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Norris (1984) stated, "Foresters have complained for
 
years about poor seedling survival and growth.  In viewing
 
sites where reforestation efforts were not successful,
 
they said, 'these seedlings were dead before they were
 
planted'".  This statement implies nurseries do not always
 
produce seedlings of predictable quality to survive
 
outplanting.  Duryea (1984) defined high quality seedlings
 
as those that meet defined levels of survival and growth
 
on a particular planting site.  This means the ultimate
 
test for seedling survival is the "life and death"
 
situation of the outplanting site, long after all the
 
nursery investments to improve the illusive "seedling
 
quality" (Chavasse 1980).
 
Various means of grading nursery stock for quality
 
after the nursery production/storage phase have been
 
proposed (Burdett 1984; Lavender at al. 1990; Ritchie
 
1984; Sutton 1979).  Traditionally, grading of nursery
 
stock for quality has been based on morphological
 
attributes (ie. caliper, shoot/root ratio, etc.).
 
Physiological tests are currently championed with variable
 
results in efficiency and effectiveness (Buxton et al.
 
1985; Duryea and Landis 1984; Lavender et al. 1990).  One
 
method integrates morphological characters and
 
physiological performance by measuring root growth
 
capacity (Ritchie and Dunlap 1980; Stone 1955; Stone and
 5 
Jenkinson 1970; Stone et al. 1962).  This method, however,
 
has fallen into some disfavour because of high variability
 
with diverse stock types and site qualities (Y. Tanaka,
 
Weyerhauser Co.; H. Hahn, B.C. Ministry of Forests,
 
personal communications).  Root growth capacity prediction
 
seems to be confounded by lifting and storage, time of
 
planting, handling and site differences (Dunsworth 1986).
 
The basis for this type of measurement (i.e. root growth)
 
though, is a very important factor in seedling survival.
 
Burdett (1984) proposed that root growth capacity
 
indirectly affects seedling performance by virtue of its
 
correlation with stress resistance directly affecting
 
performance.  Evidence for this hypothesis is limited.
 
Root Growth and Development
 
One objective of forest nurseries is to produce
 
seedlings with a strong capacity to produce new roots upon
 
outplanting.  When a seedling is planted out on a site,
 
its capacity to survive is highly dependant on its
 
capacity to regenerate new functional roots (Burdett 1984;
 
Ritchie 1984; Stone 1955).  This implies that without the
 
intimate contact between active roots and soil, this
 
seedling will not survive.  This phenomenon is
 
dramatically seen on dry sites when seedlings of
 6 
supposedly high quality have a low first-year survival
 
rate.  Unfortunately, a nurseryman's ability to predict
 
the effect of root growth potential on seedling survival
 
is not always the best.  This is probably not a result of
 
the test per se, but a manifestation of the variability in
 
the quality of the stock produced by the nursery.  More
 
emphasis should be placed on integrating procedures into
 
nursery production practices which are known to cause
 
specific effects in the seedling.  In this way seedlings
 
would be better prepared for selected site problems when
 
outplanted.
 
Root growth and development is mediated by endogenous
 
and exogenous concentrations and ratios of plant growth
 
regulating compounds like auxins, gibberellins,
 
cytokinins, abscissic acid and ethylene (Abeles 1973;
 
Blake and Reid 1981; Fabijan et al. 1981; Moore 1979;
 
Thimann 1977).  While each growth regulator has its
 
distinctive mechanism of action, the mechanism frequently
 
may be influenced by other factors such as concentrations
 
of other regulators, environment, etc.  (Ross et al.
 
1983).  Of the five growth regulator classes mentioned,
 
auxins and ethylene are most frequently implicated in the
 
control of root growth.  However, this may be more due to
 
the difficulty of effectively assaying gibberellins and
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cytokinins than the actual relative importance of auxin
 
and ethylene in root growth (Zaerr and Lavender 1980).
 
The natural cycle of root growth in most temperate
 
tree species has two peaks (Stone et al. 1962), the major
 
peak occurring in the spring and the second in the fall.
 
Root growth has two phases:  (a) initiation and subsequent
 
elongation of newly initiated roots; and (b) elongation of
 
existing roots (Sutton 1979).  Auxins and ethylene are
 
known to influence both of these components of root
 
growth.
 
Roots capable of regrowth must be metabolically
 
active.  In intact seedlings, the factors which determine
 
this state encompass the whole plant physiology.  Any
 
number of factors may block lateral root formation if they
 
become limiting,  but in most cases the primary trigger
 
which initiates root growth is auxin.  The response is
 
dependant on absolute concentration and amount relative to
 
other plant growth regulators. Endogenous levels of auxin
 
frequently can  be augmented by an exogenous supply.
 
Plant Growth Regulators
 
Indole-3-acetic acid (IAA) is the main auxin in most
 
plants.  Compounds which serve as IAA precursors may also
 
have auxin activity (eg. indoleacetaldehyde)(Davies 1987).
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IAA is synthesized from tryptophan and is transported from
 
cell to cell (Cohen and Bialek 1984);  transport to the
 
root probably is in the phloem.  Numerous auxin effects
 
include root initiation and branching.  In several systems
 
auxin, particularly at high concentrations, is inhibitory.
 
Almost invariably this inhibition has been shown to be
 
mediated by auxin-induced ethylene (Ross et al. 1983).
 
Auxins appear to be synthesized mainly in
 
meristematic tissues in shoot and root apices, developing
 
leaves, flowers and fruits.  Auxins are found throughout
 
the plant due to translocation from their site of
 
synthesis to their site of action.  The main endogenous
 
auxin, IAA, is synthesized in the plant from the amino
 
acid tryptophan (Reid and Wample 1985), and microbial and
 
non-enzymatic IAA synthesis also has been observed
 
(Epstein et al. 1980; Rosuge et al. 1983).  Plant roots
 
are also colonized by many fungi and bacteria which are
 
capable of converting tryptophan to IAA (Brown 1972).  The
 
microbial conversion probably occurs via indole-3-pyruvic
 
acid.  Because of the enormous disparity in the relative
 
amounts of tryptophan and IAA in the rhizosphere, even a
 
minute microbial conversion of tryptophan to IAA would
 
appear to be sufficient for the plant's IAA needs (Reineke
 
and Bandurski 1987).
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The physiological effects of auxins are complex.
 
Different tissues respond differently, and the reasons for
 
this are incompletely understood.  The classical effect of
 
auxin is to promote growth by stimulating the elongation
 
of the cells of a given tissue (Goodwin and Mercer 1983).
 
IAA promotes a cascade of reactions leading to growth,
 
including rapid induction of mRNA's (Hagen and Guilfoyle
 
1985), membrane phenomena such as permeability changes,
 
media pH changes, and enzyme modification (Reineke and
 
Bandurski 1987).
 
Auxins are found in many forms within plant issues.
 
Free auxins are the form immediately utilizable for plant
 
growth.  Bound auxins are storage forms from which IAA can
 
be released or detoxification products that form in the
 
presence of high IAA levels.  Auxin glycosyl esters are
 
abundant in seed and storage organs and are generally
 
considered storage forms.  Auxin peptides are generally
 
considered detoxification products and are irreversibly
 
formed to protect tissues.  IAA conjugates can be used as
 
a source of IAA or protection of IAA from peroxidases and
 
are an integral part of an environmentally responsive
 
system (Moore 1987).
 
There is an enormous amount known about the response
 
of plants to IAA application, but very little about the
 
endogenous amounts of IAA in plant tissues.  There is even
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less known of how the amount of IAA in tissue is
 
regulated, and the relationship between different forms
 
and amounts of endogenous IAA and plant response.  Indeed,
 
there is still speculation on whether there is a
 
correlation between the response of the plant to the
 
amount of IAA, or the turnover of IAA, or the numbers or
 
activity of IAA binding sites (Reinecke and Bandurski
 
1987).
 
The effect of auxins on the promotion of adventitious
 
root initiation of cuttings is well known (Hartwig and
 
Larsen 1980; Proebsting 1984).  Exogenous auxins have been
 
applied also to root systems of tree seedlings (Carlson
 
1974; Fowells 1943; Hartwig and Larsen 1980; Maki and
 
Marshall 1945; Selby and Seaby 1982).  The effect of these
 
auxins on root regeneration, however, has been variable
 
(Coffman and Loewenstein 1973; Kelly and Moser 1983;
 
Loewenstein et al. 1968; Zaerr 1967).  Kelly and Moser
 
(1983) found that the pre-plant root application of IBA to
 
Liriodendron tulipifera increased root regeneration in
 
both spring- and fall-planted seedlings.  Sturve and Moser
 
(1984) and Sturve and Arnold (1986) increased root
 
regeneration of scarlet and red oak seedlings up to six
 
fold by applications of auxins to roots.  Baser et al.
 
(1987) increased numbers of lateral roots of black oak
 
seedlings by IBA application to root systems.  Simpson
 11 
(1986) increased lateral root production in Douglas-fir
 
seedlings by soil drench application of auxins to
 
seedlings.  Dehne (1986) found growth regulator
 
application decreased height growth and increased root
 
length, VA mycorrhizal fungus infection and root health of
 
non-coniferous plants.
 
In contrast, Zaerr (1967) and Lavender and Hermann
 
(1970) showed no effects of exogenous auxin on new root
 
growth of conifers.  According to Zaerr and Lavender
 
(1980), the lack of correlation of endogenous levels of
 
IAA with seedling vigour may be due to analytical
 
procedures which do not correctly identify IAA, extraction
 
procedures which destroy IAA, or such correlations were
 
not an objective in some studies.  Most studies to date
 
have assessed the influence of exogenous application of
 
auxins on plant growth parameters, but have not determined
 
if treatments induced endogenous changes in growth
 
regulator status.  The reason for exogenous application of
 
plant growth regulators is to increase the endogenous
 
concentrations of these regulators or to change the
 
hormonal balance of the plant, which could in turn
 
influence plant growth.  For this reason, plants treated
 
with growth regulators also need to be monitored for
 
endogenous changes, not just plant response.
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Ethylene (C2H4) is synthesized from methionine in
 
many plant tissues, and moves by diffusion from its site
 
of synthesis.  A crucial intermediate in its production,
 
1-aminocyclopropane-l-carboxylic acid (ACC) can, however,
 
be transported and may account for ethylene effects away
 
from the causal stimulus.  Ethylene is involved in a great
 
number of physiological processes such as fruit ripening
 
or plant senescence.  It is also formed during different
 
"stress situations" such as wounding, drought,
 
waterlogging or infection.
 
The elucidation of the pathway of ethylene
 
biosynthesis (Yang 1985) included the discovery of the
 
immediate ethylene precursor, ACC.  This compound enables
 
application of "ethylene" in liquid media without the
 
disturbing effects of pH which can accompany the use of
 
ethephon (Reid et al. 1980).  Levels of ACC synthase, the
 
enzyme responsible for the conversion of S-adenosyl
 
methionine (SAM) to ACC, are affected by changes in the
 
growth environment, hormone levels and physiological and
 
developmental events (Yang and Hoffman 1984).
 
Aminoethoxyvinylglycine (AVG) is a good inhibitor of ACC
 
synthase (Ri=0.2uM).  AOA (Aminooxyacetic acid), another
 
inhibitor of pyridoxal phosphate-requiring enzymes, also
 
inhibits ACC synthase (Ri=0.8uM).
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The conversion of ACC to ethylene is carried out by
 
the putative ethylene-forming enzyme (EFE).  While the
 
conversion of ACC to ethylene by EFE has a high affinity,
 
a number of plant enzyme preparations (IAA oxidase,
 
peroxidase, lipoxygenase, pea stem homogenates, microsomal
 
preparations) also readily convert ACC to ethylene in the
 
presence of various cofactors.  While these systems
 
generally depend on oxygen, they lack the specificity and
 
affinity for ACC characteristic of native EFE (Guy and
 
Kende 1984; Venis 1984).  Inhibitors of EFE include free
 
radical scavengers such as sodium benzoate, high
 
temperature, uncouplers, low oxygen, and Cobalt ions (Yang
 
1985).  Cobaltous ion has shown no effect on ACC
 
synthesis, yet is very effective in inhibiting EFE (10-100
 
uM) (Yu and Yang 1979).
 
Other than the natural inhibitors of ethylene action
 
postulated to be present in plants, there are three known
 
types of inhibitors that may be applied exogenously to
 
block ethylene action.  The first, carbon dioxide,
 
prevents or delays many ethylene responses when ethylene
 
concentration is low (less than lul 1-1)(Burg and Burg
 
1967).  The second, silver ion, inhibits ethylene action
 
in a wide variety of ethylene-induced responses (Beyer,
 
1976; Beyer et al. 1984; Smith and Hall 1984).  The ion
 
formulated in the stable, mobile and non-phytotoxic
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thiosulfate complex (STS) is easily used in plant studies,
 
and has been shown to inhibit binding as much as 81% (Veen
 
1983).  Finally, 2,5-norbornadiene, other cyclic olefins,
 
and cis-butene inhibit ethylene action completely (Sisler
 
and Yang 1984).
 
Auxin (IAA) has been shown to promote ethylene
 
production by inducing the synthesis of ACC synthase,
 
resulting in higher levels of ACC.  Increases in ethylene
 
production parallel these increases in ACC, and treatment
 
with AVG blocks IAA-induced ethylene increases (Yoshii and
 
Imaseki 1981; Yu and Yang 1979).  This auxin induction of
 
ACC synthase is inhibited not only by two different
 
protein synthesis inhibitors, cycloheximide and 2-(4­
methy1-2,6,dinitroanilino)-N-methylpropionamide, but also
 
by actinomycin D and alpha-amanitin, inhibitors of RNA
 
synthesis.
 
Depending on the tissue, ethylene can either promote
 
ethylene production (autocatalysis) or inhibit ethylene
 
production (autoinhibition).  ACC synthase is the
 
principle target of ethylene autoinhibition.
 
Numerous workers have used the ethylene-releasing
 
compound ethephon, (2-chloroethylphosphonic acid) to
 
examine the effect of ethylene on the rooting of cuttings.
 
Although results of these studies have been quite variable
 
(Geneve and Hurser 1983; Johnson and Hamilton 1977;
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Lipecki and Selwar 1973; Swanson 1976), most indicate
 
ethephon either promotes rooting (Carpenter 1975;
 
Rrishnamoorthy 1971, 1972; Robbins et al. 1983; Roy et al.
 
1972) or has no influence on it (Cheng 1982; Criley and
 
Parvin 1979; Mudge and Swanson 1978; Nell and Sanderson
 
1972; Samananda et al. 1972; Sanderson and Patterson 1980;
 
Schier 1975).  This variable response to ethylene could be
 
expected, as a large number of species at different stages
 
of development have been tested under a range of
 
experimental conditions.  Furthermore, ethephon may have
 
extraneous effects on rooting, making interpretation of
 
results difficult (Robbins et al. 1985).  These effects
 
include increased acidity of unbuffered solutions (Reid et
 
al. 1980), pH dependency of release rate (Mudge and
 
Swanson 1978), and potential breakdown products
 
influencing rooting.
 
Plant Growth Regulator Analysis
 
The study of physiological processes affected by
 
endogenous levels of plant growth regulators requires
 
quantitative analyses.  Analysis is difficult, however,
 
due to low amounts of these substances, such as IAA, found
 
in plant tissues (Sandberg et al. 1981).
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Plant growth regulators were first studied using
 
bioassays to determine the presence or amount of a
 
substance by measuring the magnitude of effect on a
 
designated biological process (Jacobs 1979).  This
 
response was calibrated against a series of concentrations
 
of a known plant growth regulator, and expressed in units
 
of plant growth regulator-like activity.
 
Although bioassays have played an essential role in
 
the discovery of plant growth regulators, many problems
 
have been recognized with the technique (Brenner 1981).
 
Bioassays lack sensitivity, selectivity and precision in
 
quantification.  The lack of selectivity is a reflection
 
of the many compounds in plant extracts that can affect
 
the observed response.  The lack of sensitivity is
 
observed by the logarithmic dose response curve obtained
 
with most bioassays.  Also, bioassays are known to result
 
in great variation in experimental results, making it
 
difficult to determine small differences between
 
treatments (Brenner 1979).
 
Physiochemical methods provide greater specificity in
 
compound identification than bioassays.  Furthermore,
 
their greater sensitivity permits detection of
 
considerably smaller amounts of plant growth regulators.
 
Also the greater precision of physiochemical methods makes
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it possible to statistically distinguish smaller
 
differences between treatments.
 
Improved methods of quantifying plant growth
 
regulators by physiochemical methods have generally been
 
developed from technological and theoretical advances in
 
quantitative analyses.  The first quantitative methods
 
developed for plant growth regulators were paper and thin-

layer chromatography.  Even though these chromatographic
 
techniques result in substantial purification, plant
 
growth regulators were not purified completely (Brenner
 
1981).  Gas-liquid chromatography has been used
 
successfully to quantify plant growth regulators, although
 
a sometimes difficult and time consuming derivitazation is
 
required (Sandberg et al. 1981).
 
In recent years, investigations at the biochemical
 
level have involved procedures such as combined Gas
 
Chromatography-Mass Spectrometry (GC-MS) (Rivier and Pilet
 
1974), High Performance Liquid Chromatography (HPLC)
 
(Sandberg et al. 1981), and immunoassays (Pengelly and
 
Meins 1977; Weiler et al. 1981) to obtain reliable
 
estimates of plant growth regulators in extracts.
 
Radio (RIA) and Enzyme Linked (EIA) Immunoassays
 
allow for the rapid and reliable quantitative
 
determination of several important hormones.  EIA uses
 
enzyme-labelled IAA, with a long term stability either
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lyophilized or in solution, and provides a detection level
 
of 20 fmol (3.5 pg) of IAA.  This assay is comparable in
 
sensitivity to the most sensitive fluorometric procedure
 
of Crozier et al. (1980).  However, EIA is not as time
 
consuming as fluorometric assays, and like RIA requires
 
less purified IAA for reliable analysis.  The problems of
 
IAA stability are solved in EIA by using IAA methyl ester
 
as a standard and by methylation of the extracts.  EIA
 
assay variability (5%) is comparable to RIA, but can be
 
improved by sample incubation (with standard) in an
 
equilibrium reaction, instead of a short incubation.
 
Under equilibrium conditions, background variability is
 
reduced, allowing for detection of 10 fmol (<2pg) of IAA.
 
The main advantage of EIA over RIA is that it requires
 
minimal equipment, and use is not restricted to isotope
 
laboratories.  EIA sample capacity is comparable to RIA
 
with the added advantage that whereas RIA is limited by
 
time required to obtain valid radiodetermination (2-4
 
minutes/sample), the manual absorbance readings of EIA in
 
the colorimeter uses a maximum 16 minutes/100 samples and
 
standard.
 
HPLC has been shown to be an important tool in the
 
physiochemical determination of plant growth regulators
 
over the last 15 years.  HPLC is distinguished from
 
traditional chromatography by its high efficiency,
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resolution and speed of separation.  The first two
 
improvements are achieved by utilization of small particle
 
size stationary phase materials at the cost of relatively
 
complex and expensive instrumentation.  This is a result
 
of high liquid pressures required to achieve fast flow
 
rates through small particle size columns.  The resolution
 
of the system is largely dependant on the chemistry of the
 
mobile and stationary phases.  A number of separation
 
mechanisms such as ion-exchange, normal phase and reverse-

phase systems have been reported for HPLC analysis of
 
plant growth regulators.  The most popular mode seems to
 
be reverse-phase HPLC employing C1 packing materials with
 
high stability, separation efficiency and reproducibility.
 
NYCORRHIZAL FUNGI
 
Ectomycorrhizae in Forestry
 
The existence of ectomycorrhizal symbiotic
 
associations between forest trees and various fungi have
 
been known for around 100 years.  It was not until the
 
early 1920's, however, that Melin (1923) first proved that
 
this association was truely mutualistic and of great
 
importance to the growth and survival of forest trees.
 
Since that time, research pertaining to ectomycorrhizae of
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forest trees has become very important when dealing with
 
the production of tree seedlings for artificial
 
regeneration of various sites, both within the
 
distribution of a tree species and when used as an exotic
 
in other areas.
 
The conditions under which the tree seedlings are
 
grown, the method of planting, the particular geographic
 
area, macrosite and microsite on which seedlings are
 
planted, all influence seedling survival.  Improvement of
 
seedling survival at outplanting along with seedling
 
growth are the most important factors of the artificial
 
regeneration process.  Timing of colonization, as well as
 
abundance and type of mycorrhizae present on a tree
 
seedling before and after outplanting, are thought to be
 
extremely important to the final survival and growth of
 
these seedlings.  This idea has fostered research on
 
methods to exploit this mycorrhizal association and
 
thereby increase seedling survival and growth at
 
outplanting.
 
Most work dealing with ectomycorrhizal inoculation of
 
forest tree seedlings has been based on two premises.  The
 
first premise is that having mycorrhizae on tree seedlings
 
is better than not having mycorrhizae at all.  This has
 
led to mycorrhizal fungus inoculation programs of nursery
 
seedlings before outplanting.  The second premise is that
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certain species of ectomycorrhizal fungi, in specific
 
environments, are more beneficial to trees than other
 
fungal species.  This has precipitated considerable
 
research on variations in the amount and type of benefit
 
various fungi confer upon their symbiotic partner (see
 
Trappe 1977).
 
An overview of the literature on utilization of the
 
symbiotic benefits of mycorrhizae to the tree seedling
 
reveals that most research has been accomplished using
 
comparative tests with little emphasis on the basic
 
underlying mechanisms of the measured results of described
 
phenomena (ie. relative vs absolute differences).  Fungal
 
species used in these tests have been identified through
 
preliminary research on spatial and temporal inventories
 
of mycorrhizal fungi and their contribution to the
 
ecosystem in which they are found (Fogel 1980; Fogel and
 
Hunt 1979; Harvey et al. 1978; Harvey 1980; Kimmins and
 
Hawkes 1978; Maser et al. 1978; Perry and Rose 1982;
 
Trappe and Fogel 1977; Vogt and Grier 1982; Vogt et al.
 
1982).  These fungi are then subjected to a wide array of
 
comparative experiments in controlled conditions to
 
examine growth responses of seedlings under a variety of
 
inoculation conditions.  For example, studies have
 
compared non-inoculated and inoculated seedlings,
 
seedlings inoculated with different species of mycorrhizal
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fungi (Marx and Kenney 1982; Marx et al. 1984; Marx et al.
 
1982; Marx et al. 1979; Marx et al. 1978; Molina 1980;
 
Molina and Trappe 1982), seedlings inoculated with
 
different states of inoculum (mycelial, basidiospore,
 
chlamydospore, duff, etc.) (Gagnon et al. 1988; Grenville
 
et al. 1985; Lamb and Richards 1974; Le Tacon et al. 1985;
 
Le Tacon et al. 1984; Marx and Kenney 1982; Mikola 1973;
 
Riffle and Tinus 1982; Trappe 1979), seedlings inoculated
 
with different strains of the same fungal species (Cline
 
and Reid 1982; Graham and Linderman 1981; Marx 1981;
 
Molina 1982), and seedlings inoculated with different
 
geographic and host varieties of the same fungal species
 
(Cline and Reid 1982; Kropp and Laglois 1989; Molina 1980;
 
Perry et al. 1987).
 
These tests must be supplemented with outplanting
 
trials if they are to be of any practical significance,
 
since in many cases non-inoculated seedlings outperform
 
inoculated seedlings in greenhouse and nursery studies.
 
In many outplanting studies, seedling growth and survival
 
in the field are evaluated under a variety of site
 
conditions frequently encountered in reforestation
 
situations.  Test plantings have been made at different
 
geographic locations (from fungal origin, not tree
 
provenance)(Shaw and Molina 1980; Shaw et al. 1982), site
 
types (Bair and Otta 1981; Black 1984; Dixon et al. 1981),
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This comparative research has had its limitations,
 
both in interpretation and extrapolation.  As long as
 
fungal isolate, host variety, growth conditions and site
 
factors remain within a small range, the same procedure
 
can be expected to yield similar results.  In reality
 
though, this is not a reasonable assumption.  One or more
 
of these factors is bound to vary and thus decrease the
 
probability that the results obtained from these
 
comparisons can be extrapolated to other instances.  These
 
types of experiments are necessary though to form the
 
basis upon which more indepth physiological research can
 
be based to determine mechanisms responsible for
 
differential responses.
 
Selection of fungi for a forest tree nursery
 
inoculation program is difficult.  Fungi favoured in the
 
nursery can rapidly colonize roots and tolerate the rapid
 
root growth rates achieved in nurseries (Kropp and
 
Langlois 1989; Molina 1980).  The same fungi may not be
 
able to tolerate the environment and slower growth rates
 
of seedlings in the forest.  Common "weedy" fungi such as
 
Thelephora terrestris in container nurseries (Marx et al.
 
1982) or E-strain in bare root nurseries (Mikola 1965)
 
often disappear upon outplanting (Mikola 1973), probably
 
as a result of different environmental and host growth
 
conditions in the forest.  Fungi in the forest may
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passively or actively replace those from the nursery
 
(Danielson and Visser 1988).  The choice of fungal species
 
for use in an artificial inoculation program is further
 
confounded by results of studies demonstrating a
 
succession of fungi forming ectomycorrhizae as a tree
 
matures (Mason et al. 1983).  Fungi isolated from
 
mycorrhizae of mature trees may be entirely unsuited to
 
young seedlings and conditions in which they are planted
 
(Perry et al. 1987).
 
Taking this into consideration, investigation is
 
needed to understand how to manipulate the mycorrhizal
 
association for optimum growth and survival at outplanting
 
based on knowledge of the physiological factors of fungal-

host combinations responsible for specific growth
 
responses under defined conditions.
 
Much literature over the past 30 years has dealt with
 
generalizations on physiological relationships between
 
mycorrhizal fungi and their symbionts (see Marks and
 
Kozlowski 1973; Harley and Smith 1983).  There is a need
 
for further quantification of the mechanisms involved in
 
these relationships with respect to specific fungi and
 
tree species, so qualities of a fungal symbiont can be
 
characterized in relationship to its partner's growth.
 
Past studies have focused on mycorrhizal ion uptake rates,
 
selectivity and sensitivity (Alexander and Hardy 1981;
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Bledsoe and Bair 1981; Edmonds 1976; Harley 1978),
 
phosphate uptake, storage and transfer rates (amounts and
 
enzyme production) (Harley and McCready 1980, 1981; Thomas
 
et al. 1982), energy usage for nutrient uptake and
 
transfer in relation to the carbohydrate transfer from the
 
seedling (Duddridge et al. 1980; Harley 1978),
 
participation in water uptake and water relations of the
 
tree seedling (Duddridge et al. 1980; Parke et al. 1983;
 
Reid 1979), protection of plants against root pathogens
 
(antibiosis, etc.) (Marx 1969; Sylvia and Sinclair 1983),
 
and production, metabolism and transfer of plant growth
 
regulators (Ek et al. 1983; Krupa 1973; Lindquist 1939;
 
Lynch 1974; Moser 1959; Radawska 1982; Shemakhanova 1962;
 
Slankis 1948; Ulrich 1960).
 
These characterizations are essential for predictions
 
of the response of one fungus-seedling combination over
 
another in the same environment. Identification of certain
 
desirable traits can also be useful when the genetic
 
manipulation of mycorrhizae becomes more feasible.
 
Mycorrhizae and Seedling Survival
 
An understanding of the tree-fungus association is
 
paramount to predicting the outplanting survival of a
 
seedling.  Although, in the future, we may be able to
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select or engineer specific fungus-host combinations with
 
characteristics of our own choosing, the effects of site
 
characteristics on the specific fungus-tree association
 
must also be considered.  Both the effects of physical
 
(soil type, organic matter, mineral composition, water
 
relations, temperature, exposure) and biological
 
(microbial, competition) components of a site must be
 
considered in relation to the physiology of a mycorrhizal
 
seedling in order to gain an understanding of differential
 
seedling responses at outplanting.
 
The great variability in the relationship between the
 
biological, chemical and physical components of the
 
environment makes it hard to make generalizations about
 
mycorrhizal seedling growth and survival.  Thus, it is
 
surprising that in most mycorrhizae literature, one
 
benefit, thought to be a result of ectomycorrhiza
 
formation, is increased water uptake or drought tolerance,
 
leading to better survival of mycorrhizal compared to non­
mycorrhizal seedlings.  In reviewing the literature,
 
however, it seems very little actual proof exists to
 
substantiate this claim.  Skinner and Bowen (1974) only
 
made general observations of some mycorrhizal seedlings on
 
dry sites surviving or growing better than non-inoculated
 
seedlings.  All that was known was that some mycorrhizal
 
fungi had in vitro ability to grow at low water
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potentials.  Even now, few basic physiological studies
 
exist that deal with the actual mechanisms of water uptake
 
of mycorrhizal plants (Dosskey et al. 1990; Duddridge,
 
Malibari and Read 1980; Reid 1979; Reid and Bowen 1979;
 
Sands and Theodorou 1980; Theodorou 1978; Reid 1974).
 
There seem to be few facts, but much speculation, on the
 
underlying mechanisms of drought alleviation and
 
subsequent increased seedling survival as a result of
 
ectomycorrhizal symbiosis.  A number of studies have
 
emphasized the importance of nutrient transfer in
 
mycorrhizal systems. Some attempts have been made to
 
explore transport of water through these systems, but few
 
have attempted to assess drought alleviation as a result
 
of mycorrhiza-influenced morphological response (i.e. root
 
growth), even though the root response may be critical for
 
initial seedling survival under certain types of
 
outplanting situations.
 
Infection or colonization with fungi results in
 
considerable alterations in host plant physiology and
 
metabolism including profound effects on the uptake and
 
translocation of nutrients.  In certain symbiotic systems
 
these effects are accompanied by changes in the
 
utilization and metabolism of some nutrients which may in
 
turn affect their uptake from the root environment and
 
subsequent transport throughout the plant.  Although in
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many symbiotic systems altered nutrient uptake and
 
translocation may be the direct result of other changes in
 
host physiology, such changes, if they result in transport
 
of nutrients to the fungal domain, will prove of benefit
 
to the mycobiont (Jennings 1989).
 
Reid (1979) and others have proposed five ways that
 
plant moisture stress could be alleviated by certain
 
mycorrhizal associations.
 
(1) Decrease of resistance of water movement to plant
 
(2) Increase of absorptive surface area
 
(3) Increase area of soil volume exploited
 
(4) Increase in host nutrient status
 
(5) Changes in host hormonal status
 
These five systems may function separately or in
 
various combinations.  Soils in which seedlings are
 
planted usually become stratified with most of the newly
 
planted roots occupying the upper surface layers that are
 
very prone to drying.  As soils dry, resistance to water
 
flow in the rhizosphere soil around the root can become
 
very large.  Rate of water movement from soil to roots
 
depends upon both the steepness of the water potential
 
gradient and the hydraulic conductivity of the soil.  As
 
soil water decreases with drying, hydraulic conductivity
 
of the soil also decreases, and therefore there is a
 
corresponding increase in resistance to water movement in
 
the soil.
 30 
At this point, if a newly planted seedling has not
 
resumed root growth to explore the surrounding soil, the
 
lack of intimate contact between active roots and the soil
 
will be detrimental to seedling survival.  Rapid
 
resumption of root growth after outplanting would help
 
decrease the moisture stresses imposed upon the seedling.
 
New root growth will decrease resistance of water movement
 
to the plant (1 above), since root resistance to water
 
flow is less than the surrounding soil under conditions of
 
low soil water content.  New root growth will increase the
 
active area of absorption (2 above) and increase the
 
volume of soil exploited (3 above).  Host nutrient status
 
will also be affected by new root growth, since mineral
 
absorption will occur through new root tips.  New root
 
growth could also indirectly be responsible for changes in
 
host hormonal status by changes in plant water and mineral
 
metabolism.  As discussed earlier, plant growth regulators
 
also mediate root growth.  Merging of these ideas leads to
 
the hypothesis that alleviation of drought stress is a
 
function of growth regulator-mediated increases in root
 
growth.  Although this hypothesis has been investigated
 
indirectly by some researchers (Allen 1984; Alvarez and
 
Linderman 1983; Reid and Bowen 1974; Sands and Theodorou
 
1980), none have directly assessed the influence of
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mycorrhizal fungi on plant growth regulator-mediated root
 
growth and seedling survival.
 
Mycorrhizal Fungi and Root Growth
 
The gross morphology of conifer root systems can be
 
substantially affected by mycorrhizal fungus colonization.
 
Successful colonization by ectomycorrhizal fungi involves
 
ensheathing the root tip by mycelium, followed by
 
intercellular penetration by hyphae.  The region of the
 
root prone to colonization is behind the zone of
 
elongation; once cell wall formation is complete, fungi
 
are unable to infect the root (Harley and Smith 1983).
 
Thus, roots with rapid growth rates are less likely to
 
become mycorrhizal since they may outgrow the fungal
 
hyphae.  In conifers belonging to Pinaceae, roots are
 
heterorhizic and typically the slow growing "short" roots
 
become mycorrhizal (Wilcox 1983).  Colonization can reduce
 
root growth rate to one fifth that of similar uncolonized
 
roots.  During dormancy all roots may become mycorrhizal,
 
but once dormancy breaks, "long" roots grow through the
 
mantle and become non-mycorrhizal.  Although root growth
 
rate may be slowed by mycorrhizal colonization,
 
mycorrhizal fungi can behave as effective extensions of
 
seedling root systems, either as individual hyphae,
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mycelial strands, or rhizomorphs.  Root longevity is
 
generally inversely related to root order, and since
 
ectomycorrhizae are relatively long lived (3 months to 1
 
or more years) (Harley 1969), ectomycorrhizal roots are
 
generally longer lived than non-mycorrhizal roots.
 
Relationships between root morphology and mycorrhizal
 
dependance was first elucidated by Baylis (1970).
 
Subsequently Baylis (1974) observed a sharply defined
 
level of available phosphorous related to root morphology
 
above which growth without mycorrhizal fungal colonization
 
proceeds steadily and below which the species is
 
mycotrophic.  Since then the relations between root
 
morphology, available phosphorous and mycorrhizal
 
dependency have been confirmed by others (St. John 1980;
 
Chilvers 1981; Safir 1987).
 
Changes in gross root system morphology induced by
 
mycorrhizal colonization can be dramatic.  Sohn (1981)
 
demonstrated that Pinus resinosa mycorrhizal with
 
Pisolithus tinctorius had one tenth the number of second
 
and third order long roots as non-mycorrhizal controls,
 
with almost all short roots having ectomycorrhizae.
 
Different fungal species on the same host can induce
 
different root morphologies, and the same fungal species
 
may induce different branching patterns on different hosts
 
(Trofymow and van den Driessche 1990).  This variation in
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type and level of response between and within species
 
suggests possible quantifiable mechanisms of action.
 
Mycorrhizal Fungi and Plant Growth Regulators
 
There has been much speculation on the role that
 
auxins might play in symbiotic relationships between
 
ectomycorrhizae and their host plants (Meyer 1974; Slankis
 
1974).  Various auxins often occur within ectomycorrhizal
 
roots of conifer seedlings, but not in all non-mycorrhizal
 
roots (Slankis 1974; Subba-Rao and Slankis 1959).  Slankis
 
(1974) claimed that auxins in root cultures caused similar
 
anatomical and morphological changes characteristic of
 
ectomycorrhizae.  These changes include radial elongation
 
of outer cells, swollen roots with reduced length, and
 
loss of root hairs.  At high nitrogen levels, auxin
 
synthesis by fungal symbionts was found to be inhibited
 
(Moser 1959).  Meyer (1974) reported that mycorrhizal
 
auxin production could influence carbohydrate metabolism
 
in host roots.  It has been proposed that hyperauxiny of
 
mycorrhizal roots may be due to inactivation of host auxin
 
oxidase (Ritter 1968; Tomaszewski and Wojeiechowska 1974).
 
However, Mitchell et al. (1984) found mycorrhiza formation
 
was not accompanied by increases in auxin oxidases in
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roots. Also, exogenous supply of synthetic auxins has been
 
shown to enhance mycorrhizae formation.
 
The ability of ectomycorrhizae to produce indole
 
auxins in pure culture has been demonstrated when L-

tryptophan was provided in the medium (Moser 1959; Ulrich
 
1960).  Tomaszewski and Wojeiechoska (1974) reported that
 
cultures of Suillus variegatus contained 200 um IAA-

equivalent by the standard Avena coleoptile curvature
 
test.  Ho (1986) demonstrated, by a putative
 
identification with thin-layer chromatography, that
 
several strains of Pisolithus tinctorius produced various
 
phytohormones, including IAA, in a non-tryptophan
 
supplemented medium.  Other genera of ectomycorrhizal
 
fungi isolated from Pinus sylvestris reported to produce
 
auxins include Amanita muscaria, Paxillus involutus,
 
Suillus luteus, Suillus bovinus and Rhizopogon luteolus on
 
the basis of cochromatographed standards (Strzelczyk et
 
al. 1977).
 
Although certain mycorrhizal fungi can produce IAA in
 
vitro when tryptophane is the sole source of nitrogen, if
 
another source of nitrogen is present, the production of
 
indole compounds is reduced.  Alanine, glutamine and
 
glycine decreased IAA production but increased mycelial
 
growth in vitro (Booker 1980).  This might be interpreted
 
that other sources of nitrogen were used in preference to
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tryptophan, the breakdown of which is dependant on the
 
requirement of the fungus for nitrogen.  Ulrich (1986)
 
showed Suillus spp. could form IAA on Hagem's medium with
 
ammonium chloride as a nitrogen source without tryptophan.
 
The rate of formation of IAA by these species and by
 
others was greater when tryptophan was present.  IAA may
 
be destroyed by acid culture conditions or enzymatic
 
destruction or oxidation in the same culture conditions.
 
Much evidence of IAA detection in these citations is
 
based on thin-layer chromatography with chromogenic
 
agents, such as Salkowski or Ehrlich, and auxin bioassays.
 
However, Ek et al. (1983) unequivacably demonstrated that
 
IAA was produced by over 16 mycorrhizal fungi through GC­
MS analysis.  Mitchell et al. (1986) using GC-MS compared
 
IAA contents of mycorrhizal versus non-mycorrhizal roots.
 
Frankenberger and Poth (1987) isolated and detected IAA as
 
a secondary metabolite of Pisolithus tinctorius using
 
thin-layer chromatography, HPLC, enzyme-linked
 
immunosorbent (monoclonal antibodies) assay (ELISA), and
 
unequivocal identification by GC-MS.
 
Slankis (1948,1951) suggested that ectomycorrhizal
 
fungi produce hormones that initiate short roots and
 
regulate their development by nurturing and maintaining
 
the association.  Slankis (1973) reviewed the many reports
 
of morphological changes in the host plant correlating
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with hormone responses.  Allen et al. (1980, 1982)
 
reported hormonal changes in the host plant associated
 
with VA mycorrhiza formation.  These changes were thought
 
to alter the plant's ability both to survive stress and to
 
gain access to resources that ultimately improve plant
 
fitness (Allen 1984, Allen 1991).
 
The advent of new and more reliable methods for
 
assaying root hormones has made it possible to test the
 
validity of many theories on mycorrhizae which deal with
 
hormones (ie. Slankis 1973).  Numerous researchers had
 
analyzed pure fungus cultures for IAA and other hormones,
 
but Mitchell et al. (1986) demonstrated elevated IAA
 
concentrations in mycorrhizal roots as compared to non­
mycorrhizal roots using more precise methodology.  They
 
found increases of 100-200 percent, whereas Slankis'
 
(1973) had proposed 100-1000 fold increases.  Their
 
results, also supported by less exact data of Sherwood and
 
Rlarman (1980), provide important insight into differences
 
resulting from mycorrhizal colonization.
 
Several studies have linked auxin and ethylene, and
 
suggest that the latter compound is the direct regulator
 
(Rupp and Mudge 1985; Mudge 1987; Rupp et al. 1989).
 
These studies suggest that auxin, at least partly, acts
 
via ethylene, and that ethylene action is crucial in
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ectomycorrhiza development (Rupp et al. 1989).  The same
 
may be true for VA mycorrhizae (Dehne 1986).
 
Mycorrhizosphere Organisms, Plant Growth Regulators and
 
Root Growth
 
The observation that mycorrhiza formation and plant
 
growth can be influenced by changes in surrounding
 
bacterial populations is not new (Voznyakovskaya 1954;
 
Tribunskaya 1955).  Species of bacteria in the
 
mycorrhizosphere (Oswald and Ferchau 1968) have been shown
 
to have positive (Katznelson et al. 1962; Loper and
 
Schroth 1986; Bashan 1986; Azcon et al. 1978; Fries 1978),
 
negative (Bowen and Theodorou 1974; Fries 1978), and no
 
measurable effect (Rovira 1965; Bowen and Theodorou 1974)
 
on either the plant or its mycorrhizal fungal symbiont.
 
Although inoculation with various bacterial species has
 
been shown to improve plant growth in a number of
 
agricultural crops (Burr and Caesar 1984), parallel
 
research with forest crops is sparse (Chanway 1992).
 
Reasons commonly cited for increased plant growth
 
resulting from soil inoculation with selected bacteria
 
have included nutritional and spatial competition as well
 
as pathogen protection (Rovira 1965; Hussain and Vancura
 
1969).  Barea and Brown (1975) were among the first to
 
consider that plant growth regulator production by
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nitrogen-fixing bacteria could be partially contributing
 
to the phenomena they were investigating.  Mosse et al.
 
(1981) proposed that effects of inoculation of
 
Azotobacter, and probably other nitrogen-fixing bacteria,
 
on mycorrhizal fungi and roots is probably more of a
 
hormonal effect than a nitrogen fixation effect (Azcon and
 
Barea 1975; Azcon et al. 1976).
 
For several years rhizosphere bacteria (especially
 
plant pathogens) have been tested for their ability to
 
metabolize and produce plant growth regulating substances
 
(Gunesekanan and Weber 1972; Coleman and Hodges 1986;
 
Chalutz et al. 1984; Ilag and Curtis 1968).  Many have
 
been shown to produce or metabolize one or more growth
 
substances, including auxins and ethylene.  For the most
 
part, however, microbial production of these substances in
 
vivo has only been implicated.  Some in vivo evidence for
 
the role of microbially-produced or induced plant growth
 
regulators involved in plant pathogenesis has been
 
substantiated with systems such as Pseudomonas savastanoi,
 
Agrobacterium tumefaciens, Penicillium digitatum and
 
others (Axelrood-McCarthy and Linderman 1981; Coleman and
 
Hodges 1986; Gunesekanan and Weber 1972; Pegg 1976).
 
The amount of indirect evidence for the role of
 
microbially-produced plant growth regulators in plant and
 
root growth is large.  This is generally the result of
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comparative research correlating growth of inoculated
 
plants and in vitro hormone production with similar
 
changes achieved with exogenous growth regulator
 
application.  Extensive literature exists suggesting that
 
rhizobacterial plant growth regulator production may not
 
only affect plant growth directly, but may also influence
 
it indirectly by it's effect on mycorrhizal fungi (Azcon-

Aguilar and Barea 1981; Azcon et al. 1978; Bagyaraj and
 
Menge 1978; Oswald and Ferchau 1968).  However, a study by
 
Strzelczyk and Polojsk-Burdziej (1984) laments the fact
 
that most efforts in this area, until then, had been
 
directed toward agricultural crops, even though there is
 
probably an equal importance of microbially-produced plant
 
growth regulators in forest tree growth.
 
Inoculation of tree seedlings in the nursery with
 
specific mycorrhizal fungi is known to increase seedling
 
survival at outplanting (Shaw and Molina 1982; Bair and
 
Otta 1982; Parke et al. 1984; Dixon et al. 1981).  Rooting
 
medium inoculation of plants with rhizosphere-colonizing
 
microorganisms has also been shown to increase transplant
 
survival (Utkhede and Li 1986; Bashan 1986).  Some of
 
these studies show increases in root dry weight resulting
 
from inoculation (David et al. 1983; Azcon and Barea 1975;
 
Loper and Schroth 1986), and others show increases in
 
shoot-root ratios along with this increase in root dry
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weight (Danielson et al. 1984; Black 1984).  Increases in
 
number of elongating roots and root length resulting from
 
inoculation have also been demonstrated (Chilvers and Gust
 
1982; Dixon et al. 1980; Azcon et al. 1975; Brown 1972;
 
Chanway 1992).
 
This information leads one to believe that root
 
colonization by mycorrhizal fungi or certain rhizosphere
 
bacteria may increase seedling survival by increasing root
 
growth.  If this is the manner by which seedling survival
 
is increased over non-inoculated plants, then some
 
underlying interaction must be occurring between the
 
seedling root system and the organisms of the
 
mycorrhizosphere (mycorrhizal fungus and rhizosphere
 
organisms) which stimulate root growth.  This influence on
 
root growth must also be quantifiable, since there is a
 
differential interaction in seedling response with
 
different species (Mosse et al. 1981; Slankis 1973) and
 
strains (Strzelczyk and Pokojsk-Burdziej 1984; Trappe
 
1977; Ho 1985; Hussain and Vancura 1969) of bacteria and
 
fungi.
 
It could be argued that this effect results from
 
mycorrhizal fungus colonization or rhizobacterial activity
 
increasing plant nutrition and therefore root growth.
 
However, this cannot be the sole explanation, since
 
culture filtrates and cell free extracts of these fungi
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and bacteria can also cause this phenomenon (Slankis 1973;
 
Shemakhanova 1962; Azcon et al. 1978).  When reviewing
 
research on the mycorrhizal component of this, it seems we
 
have progressed little in further elucidating this effect
 
since 1973, when Slankis stated that "... despite the
 
generally observed stimulatory effect of mycorrhizal
 
symbiosis on host growth and development, the precise
 
nature of the influence of the symbiotic fungus is little
 
understood".  Two review articles on bacterial interaction
 
with plants and mycorrhizal fungi also show a lack of
 
concrete experimental evidence in this field (Strzelczyk
 
and Pokojska-Burdziez 1984; Marshner 1985).  However,
 
presently there is an increase in investigations into the
 
relationships between nitrogen-fixing organisms and
 
mycorrhizal fungi in forest trees (Cracknell and Lousier
 
1986; de Montigny et al. 1986; Li and Castellano 1984).
 
Despite the importance of plant growth regulators in
 
forest trees (DeYoe and Zaerr 1976; Zaerr and Lavender
 
1980; Zaerr 1967; Lavender and Herman 1970), surprisingly
 
little work has been done on synthesis of these substances
 
by tree root-zone microorganisms other than mycorrhizal
 
fungi (Strzelczyk and Pokojska-Burdziez 1984).
 
Mycorrhizal fungi have been shown to produce the auxins,
 
IAA (Slankis 1948; Ek et al. 1983; Radawska 1982), IBA
 
(Slankis 1948; Strzelczyk and Polojska-Burdziez 1984), IAN
 42 
(Strezelczyk and Polojska-Burdziez 1984), NAA, and PAA in
 
vitro.  Ethylene production in vitro (Lynch 1974; Graham
 
and Linderman 1980) and auxin induced ethylene production
 
in mycorrhizal root organ cultures (Rupp and Mudge 1985)
 
has been demonstrated.  Studies of in vivo production of
 
auxins, auxin-induced ethylene, or ethylene by mycorrhizal
 
fungi are limited (Graham and Linderman 1980; Rupp and
 
Mudge 1985; Mitchell 1984; Mitchell et al. 1984).  The
 
main emphasis of research on mycorrhizal fungi and plant
 
growth regulators has been on mycorrhizal colonization
 
(Graham and Linderman 1981) and mycorrhizal form (ie.
 
bifurcate root tips) (Rupp and Mudge 1985; Slankis 1973),
 
not plant response per se (ie. carbohydrate reallocation,
 
direct hormone effect) (David et al. 1983; Alvarez and
 
Linderman 1983).
 
Changes in root morphology associated with
 
ectomycorrhiza formation in pines have been shown to be
 
influenced by ethylene (Wilson and Field 1984; Rupp and
 
Mudge 1985; Rupp et al. 1989), and ethylene concentrations
 
increase around short roots during infection by
 
ectomycorrhizal fungi (Graham and Linderman 1980; Rupp et
 
al. 1989).  Increased ethylene production is associated
 
with mycorrhiza formation, either through plant production
 
or mycorrhizal fungus production.
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Methionine is frequently used by fungi for the
 
synthesis of ethylene (Lynch 1974; Chalutz et al. 1977,
 
Axelrood-McCarthy and Linderman 1981; Coleman and Hodges
 
1986).  Adding methionine to liquid cultures of
 
ectomycorrhizal fungi usually stimulates ethylene
 
production (Graham and Linderman 1980; Rupp et al. 1989).
 
However, it is not known if the ability to produce
 
ethylene in culture is related to a fungal isolate's
 
ability to form mycorrhizae.
 
Conversion of methionine to ethylene by fungi can
 
result from extracellular metabolites interacting with
 
flavin mononucleotides, flavin-like compounds and light
 
(Lynch 1974; Axelrood-McCarthy and Linderman 1981) or from
 
enzymatic action within cells (Chalutz et al. 1977,
 
Coleman and Hodges 1986).  In higher plants, enzymatic
 
synthesis of ethylene from methionine involves the
 
formation of an intermediate compound, ACC (Yang and
 
Hoffman 1984).  There is some evidence indicating the
 
involvement of ACC in fungal conversion of methionine to
 
ethylene.  Soil microorganisms produce more ethylene after
 
ACC is added in vivo (Frankenberger and Phelan  1985).  A
 
fungal plant pathogen, Bipolaris sorokiniana, produced
 
more ethylene after ACC was added, but at a less efficient
 
rate than the production of ethylene from added methionine
 
(Coleman and Hodges 1986).  However, isolates of
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Penicillium digitatum (Achilea et al. 1985), Laccaria
 
laccata, and Hebeloma crustuliniforme (Rupp et al. 1989)
 
could not convert ACC to ethylene.  The role of ACC in
 
fungal production of ethylene remains poorly defined.
 
Obviously microorganisms in the mycorrhizosphere
 
possess the potential to change the hormonal status of
 
seedling roots (Strzelczyk and Pokojska-Burdziez 1984;
 
Allen 1984; Tomaszewshi and Wojciechowska 1973) with
 
production of growth regulating substances like ethylene
 
or auxins.  This production of growth regulators by
 
microorganisms could be a result of a number of factors.
 
One hypothesis, set forth by Mosse et al. (1981) and
 
others (Harley and Smith 1983; Hussain and Vancura 1969;
 
Graham and Linderman 1980; Slankis 1973; Krupa et al.
 
1973;  Tomaszewski and Wojciechowska 1973; Strzelczyk and
 
Polojska-Burdziez 1984), is that root exudates from
 
seedling root systems consist of auxin or ethylene
 
precursors (tryptophan, methionine and others), or co­
factors that stimulate microorganisms to produce more
 
growth regulators (Gasper 1977) and thereby stimulate more
 
root growth.  This complex arrangement of interactions is
 
simplified in Figure 1-1.  This is not a complete picture
 
of all levels of interaction present in this tripartite
 
association, but instead shows the scope of this thesis.
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The overall goal of this research was to address two
 
questions: (1) Are auxin and ethylene metabolism and
 
biosynthesis in the mycorrhizosphere important in root
 
growth and seedling survival after transplanting, and, (2)
 
Is there potential for this plant growth regulator effect
 
to be manipulated to a level of practical application.
 
To achieve these goals experiments were conducted to
 
assess the effects of mycorrhizal fungi and exogenously
 
applied plant growth regulators on conifer seedling root
 
IAA content, growth and survival.  In chapter 2, conifer
 
seedling responses to inoculation with mycorrhizal fungi
 
characterized by their in vitro IAA and ethylene
 
production capabilities, are described.  Chapter 3,
 
expands upon the research of Chapter 2 and explores
 
conifer seedling responses to inoculation with these fungi
 
in nursery and field outplanting trials.  Chapter 4,
 
examines the responses of conifers to exogenous
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application of plant growth regulators before planting.
 
TREE SURVIVAL 
SEEDLING GROWTH 
ROOT GROWTH 
IM  ETHYLENE 
MYCORRHIZAL FUNGI 
MYCORRHIZOSPHERE ORGANIS S 
.%....%-'......'.........'........1
 M THIONINE TRYPTOPHAN 
FIGURE 1-1: Schematic representation of potential plant
 
growth regulator mediation of root growth by
 
mycorrhizosphere organisms.
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CHAPTER 2
 
DIFFERENTIAL IN VITRO PRODUCTION OF AUXIN AND ETHYLENE BY
 
MYCORRHIZAL FUNGI IN RELATION TO MORPHOLOGICAL AND
 
BIOCHEMICAL RESPONSES OF INOCULATED GREENHOUSE-GROWN
 
CONIFER SEEDLINGS
 
ABSTRACT
 
Production of IAA (I) and ethylene (E) in vitro by
 
different ectomycorrhizal fungi was quantified using HPLC
 
and GC-MS methodology.  Differences in production capacity
 
occurred within and between species of fungi, allowing
 
fungi to be grouped, relative to their production
 
potential, as low, moderate, or high producers of I (LI,
 
MI, HI) or E (LE, ME, HE).  Fungi representing each of
 
these production level groups were used to inoculate
 
conifer seedlings.  Six months after inoculation,
 
seedlings were evaluated for changes in morphology and
 
endogenous auxin content to determine any correlations
 
between fungal production potential and plant responses.
 
Morphological responses (seedling height, shoot weight,
 
stem caliper, number of lateral root and root weight)
 
varied with tree species and mycorrhizal fungus
 
combination.  Fungal IAA production potential was
 
significantly correlated to many morphological attributes
 
of Douglas-fir seedlings, but less correlated with
 
Lodgepole Pine and Englemann Spruce for the same
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attributes.  Fungal ethylene production potential was
 
poorly correlated to Douglas-fir morphological responses,
 
but positively correlated to root IAA in Lodgepole Pine
 
and Englemann Spruce.
 
Inoculation with mycorrhizal fungi had no significant
 
effect on amide-bound IAA conjugates in roots; free and
 
conjugate (ester) IAA in roots varied with tree species­
mycorrhizal fungus combination.  Endogenous root IAA
 
content was well correlated with fungal IAA production
 
potential in Douglas-fir, but the correlation was poor in
 
Lodgepole Pine and Englemann Spruce.  Endogenous IAA in
 
roots was also highly correlated with fungus ethylene
 
production potential in all three conifer species.  These
 
results suggest that there can be a relationship between
 
auxin and ethylene production by ectomycorrhizal fungi and
 
changes in endogenous auxin content that could affect
 
growth responses of conifer seedlings.
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INTRODUCTION
 
Symbiotic associations between ectomycorrhizal fungi
 
and roots of vascular plants are widely recognized and
 
represent a high degree of reciprocal co-existance
 
(Hacskaylo 1972; Reid 1990).  The association leads to
 
ecological success for both symbionts, allowing each to
 
exploit habitats in which neither alone would thrive.
 
Although not dependent upon symbiosis, growth of tree
 
seedlings in the nursery is often enhanced by mycorrhizal
 
colonization (Bjorkman 1970).  However, despite the
 
stimulatory effects of ectomycorrhizal fungi on plant
 
growth, the mechanisms responsible are not fully
 
understood (Wullsehleger and Reid 1990).
 
Ectomycorrhizal fungi confer several adaptive
 
advantages upon their host, including increased root
 
absorbing area (Bowen 1973), enhanced nutrient uptake
 
(Bowen, Skinner and Bevege 1974), reduced pathogen
 
invasion of roots (Marx 1969), and increased host drought
 
tolerance (Reid 1979; Parke et al. 1983).  Inoculation of
 
tree seedlings in the nursery with specific mycorrhizal
 
fungi is known to increase seedling survival at
 
outplanting (Shaw et al. 1982; Bair and Otta 1981; Parke
 
et al. 1983; Dixon et al. 1981).  Other studies (Dixon et
 
al. 1980; Chilvers and Gust 1982) showed increases in
 
numbers of elongating roots and root length of trees.
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Mycorrhizal fungal colonization may increase seedling
 
survival by increasing root growth.  Some underlying
 
interaction must exist between the seedling root system
 
and mycorrhizal fungi which stimulates root growth.  This
 
influence on root growth must also be quantifiable, since
 
there is a differential interaction in seedling response
 
with different species (Mosse et al. 1981; Slankis 1973)
 
and isolates (Trappe 1977; Strzelczyk and Pokojska-

Burdziez 1984).
 
This effect could have a nutritional basis with
 
mycorrhizal fungal activity increasing plant nutrition and
 
therefore root growth.  However, this cannot be the sole
 
explanation, since culture filtrates and cell free
 
extracts of these fungi can also cause this phenomenon
 
(Slakis  1973).  Levisohn (1953, 1957) reported that
 
ectomycorrhizal fungi could increase growth of forest tree
 
seedlings prior to colonization and could stimulate growth
 
of endomycorrhizal tree species in the absence of
 
colonization.  Slankis (1973) observed that enhanced
 
seedling growth could not always be attributed to
 
increased nutrient uptake, and proposed that fungal-

supplied metabolites, particularly growth-promoting
 
hormones, might be influential in the stimulation
 
phenomena.  Knowledge of the mycorrhizal component of this
 
phenomenon has progressed little since 1973 when Slankis
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stated that "despite the generally observed stimulatory
 
effect of mycorrhizal symbiosis on plant growth and
 
development, the present nature of the influence of the
 
symbiotic fungus is little understood".  Evidence of
 
ectomycorrhizal fungi producing regulatory compounds
 
stimulatory to growth of forest trees has been reported
 
(Cristoferi et al. 1985; Stein and Fortin 1990), and the
 
importance of auxins, gibberellins and vitamins in
 
ectomycorrhizal associations has been addressed (Slankis,
 
1973; Strzelczyk et al. 1975; Ek et al. 1983).  IAA
 
release by ectomycorrhizal fungi in pure culture has been
 
studied by several workers (Moser 1959; Ulrich 1960;
 
Strzelczyk et al. 1977; Ek et al. 1983; Roullion et al.
 
1985) since their discovery by MacDougal and Dufrenoy
 
(1944).  Mycorrhizal fungi have been shown to produce the
 
auxins IAA, IBA, IAN, NAA and PAA (Slankis, 1973; Radawska
 
1982; Strzelczyk and Polojska-Burdiej 1984).  Although IAA
 
accumulation in culture medium is variable among fungi, it
 
always requires high precursor (tryptophan) levels and can
 
be detected after culture durations ranging from several
 
days to several months.
 
Ethylene production in vitro (Graham and Linderman
 
1981; Lynch 1984; Rupp et al. 1989) and auxin-induced
 
ethylene production (Rupp and Mudge 1985) have been
 
demonstrated.  Ethylene concentrations have been shown to
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increase during root colonization by mycorrhizal fungi
 
(Graham and Linderman 1980; Rupp et al. 1989).  Increased
 
ethylene production is associated with mycorrhiza
 
formation, either through plant production or mycorrhizal
 
fungus production.  Studies of in vivo production of
 
auxins, auxin-induced ethylene, or ethylene by mycorrhizal
 
fungi are very few (Graham and Linderman 1981; Mitchell et
 
al. 1984; Rupp and Mudge 1985).  The main research
 
emphasis on mycorrhizal fungi and plant growth regulators
 
has been on mycorrhizal colonization (Graham and Linderman
 
1981) and form (Slankis 1973), not response per se (ie.
 
carbohydrate allocation, direct hormone effect) (David et
 
al. 1983; Alvarez and Linderman 1983; Blake and Linderman
 
1993).
 
Root growth and development is mediated by endogenous
 
concentrations and ratios of plant growth regulating
 
compounds such as auxins, gibberellins, cytokinins,
 
abscissic acid and ethylene (Blake and Reid 1981; Fabijan
 
et al. 1981).  Of these five classes of growth regulators,
 
two, auxins and ethylene, are most frequently implicated
 
in the control of root growth.  However, this many be due
 
more to the difficulty of effectively assaying for
 
gibberellins and cytokinins than the actual relative
 
importance of auxins and ethylene in plant root growth.
 
Microorganisms in the mycorrhizosphere have the
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potential to change the hormonal status of seedling roots
 
(Strzelczyk and Pokojska-Burdziej 1984; Tomaszewshi et al.
 
1973; Mitchell 1984) by producing growth regulating
 
substances like ethylene or auxins.  There is no direct
 
evidence that production of IAA and ethylene by
 
mycorrhizal fungi is responsible for morphological and
 
physiological responses to mycorrhizal fungus
 
colonization.  One way to indirectly assess this question,
 
however, is to test for differential plant biochemical and
 
morphological responses to mycorrhizal fungi possessing
 
reliable and stable differential capacities to produce IAA
 
and ethylene in vitro.  The first portion of this report
 
is on the evaluation of a variety of mycorrhizal fungi for
 
their capacity for stable, differential in vitro
 
production of IAA and ethylene.  The second portion
 
reports the examination of changes in endogenous IAA
 
levels of conifer seedling roots and seedling morphology
 
in response to inoculation with mycorrhizal fungi having
 
differential in vitro plant growth regulator production
 
capacity.  Changes within the plant correlative to
 
differential mycorrhizal fungal metabolism are considered
 
indirect evidence of mycorrhizal fungal mediation of plant
 
response.
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OBJECTIVES AND HYPOTHESES
 
The experimental objectives of this study were to:
 
(1) find a selection of mycorrhizal fungal isolates
 
capable of differential and stable in vitro IAA and
 
ethylene production,
 
(2) determine whether differential in vitro production of
 
auxin or ethylene by mycorrhizal fungi could be correlated
 
with changes in endogenous IAA in inoculated seedling
 
roots, and
 
(3) determine whether mycorrhizal fungal-mediated changes
 
in endogenous root IAA concentrations affect seedling
 
growth.
 
To fulfill these objectives the following hypotheses
 
were tested:
 
HI: in vitro IAA production capacity of selected
 
mycorrhizal fungi influences endogenous IAA concentrations
 
in mycorrhizal roots.
 
116: in vitro ethylene production capacity of selected
 
mycorrhizal fungi influences endogenous IAA concentrations
 
in mycorrhizal roots.
 
H3:  Levels of endogenous IAA in roots influences root
 
growth of seedlings.
 
114:  Levels of endogenous /AA in roots are correlated with
 
seedling growth and survival.
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These hypotheses were tested by:(1) evaluating and
 
characterizing a variety of mycorrhizal fungi for their
 
capacity for in vitro production and IAA and ethylene
 
(Experiment 1 and 2), and (2)examining changes in seedling
 
morphology and endogenous root IAA contents of conifers in
 
response to inoculation with these mycorrhizal fungi.
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MATERIALS AND METHODS
 
EXPERIMENT 1: IN VITRO IAA PRODUCTION BY ISOLATES OF
 
MYCORRHIZAL FUNGI.
 
Mycorrhizal Fungal Isolates
 
Most of the mycorrhizal fungal isolates evaluated in
 
this study are given in Appendix Table A-1.  Isolates were
 
stored on slant tubes of modified Melins-Norkrans (MMN)
 
medium (Molina and Palmer 1982).  Cultures were also
 
maintained at 26 C as static liquid cultures of MMN (Marx
 
1969), and subcultured every month by aseptically
 
fragmenting mycelium from liquid cultures in a Waring
 
blender for 10 seconds and transfering 5 mL of the
 
resultant hyphal slurry to 50 mL of fresh MMN medium in a
 
125 mL Erlenmyer flask.
 
Mycorrhizal Fungal Culture for IAA Analysis
 
Fungi were grown in 2 L of semi-solid medium (sensu
 
Frankenberger and Poth 1987) containing the following (g
 
1-1): glucose 10.0; tryptophan 1.0 (sterile filtered with
 
a 0.45 um pore size filter); yeast extract 0.1; Bacto Agar
 
4.0, as well as 10 mL each of phosphate buffer and trace
 
element solution.  Phosphate buffer consisted of the
 
following (g 1-1) :  KH2PO4 1.36; Na2HPO4 2.13; and MgSO4
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7030 0.2.  Trace element solution contained 1 mL of
 
concentrated H2SO4 and the following (mg 1-1)  :  CaC12 530;
 
FeSO4  71120 200; MnSO4. H2O 20; CuSO4  5/120 40; ZnSO4  7020
 
20; H3B03 3; CoC12 4; and Na2Mo04  030 4.  The pH was
 
adjusted to 7.0 with KOH before autoclaving.  Glucose was
 
autoclaved separately and added to the medium.  Cultures
 
were stored in a dark incubation chamber at 26 C and
 
agitated daily for 5 weeks.  Subsamples (100 ml)for IAA
 
analysis were taken at 5, 6 and 7 weeks.
 
IAA Analysis:  Fungal Mycelium and Culture Filtrates.
 
Subsamples (100 mL) of fungal cultures were
 
aseptically removed from 1 L culture flasks for IAA
 
analysis by GC-MS.  IAA concentration of fungal mycelia
 
was determined by homogenizing the filtered mycelium in
 
80% cold methanol in a tissue grinder fitted with a teflon
 
pestle.  The internal standard d2-IAA was added and the
 
homogenate allowed to stand at 5 C for 20 h for
 
extraction.  The sample was then filtered through glass
 
fiber, and the mycelium dried overnight at 90 C for dry
 
weight determinations.  The methanol was evaporated and 50
 
mL 0.05 M K2HPO4 buffer (pH 8.0) was added to the residual
 
water phase.  The pH was lowered to 2.7 by addition of 2.5
 
M H31,04 and the solution extracted (50 mL X 3) with ethyl
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ether.  The ether fraction was dried over Na2SO4 and
 
evaporated to dryness.
 
IAA concentration in the culture filtrates of the
 
test fungi was determined by adding an internal standard
 
of d2-IAA to the culture filtrate and adjusting the pH to
 
2.7 with 2.5 M H3PO4.  Culture filtrate was then extracted
 
with ethyl ether, the etheral fraction dried over Na2SO4
 
and evaporated to dryness.
 
Residues from ether extractions of mycelia and
 
culture filtrates were dissolved in 0.1 mL pyridine and
 
0.1 mL N,0-bis(trimethylsily1) trifluoroacetamide (BSTFA)
 
to silylate the IAA.  After reacting at 50 C for 2 h, the
 
IAA was quantified using GC-MS.  Detection limit on the
 
GC-MS was 10pg per injection.  Each sample was injected 3
 
times using a Carlo Erba (Fractovap MOD2900) GC-Finnigan
 
MS (3200F) with an on-line computer system (6000).  An
 
OV11 glass WCOT (25 m X 0.27 mm ID) column was used.
 
Injector temperature was 250 C and detector temperature
 
was 300 C.  The oven temperature was isothermal at 220 C.
 
Carrier gas flow was 0.82 mL min-1 and a split ratio was
 
1:30.  The mass spectrometer was operated in the multiple
 
ion detection mode (MID).  The mass spectra were all run
 
with 70 KeV.  The transfer line temperature was 300 C and
 
the ion source temperature 100 C.  Molecular ions (319,
 
321) and the base peaks (202, 204) were chosen for
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monitoring; the retention time was 3.45 min..  Values are
 
expressed in ng IAA mg-1 dry weight of mycelium.
 
The deuterated IAA was prepared according to Caruso
 
et al. (1978)  and used as an internal standard.  Response
 
factor was determined before each quantification series
 
and was taken from a calibration curve.  Values are
 
expressed in ng IAA mg-1 dw of mycelium.  Ethyl ether was
 
freshly distilled prior to use to eliminate peroxides.
 
Statistical Analysis
 
Means for each time group (3) of replicates (3
 
replicates/ isolate/time) were analysed for differences
 
between isolates using SYSTAT (Wilkinson 1988) and
 
separated using Tukey's Least Significant Difference
 
(TLSD) (p<0.01). Means were ranked and artifical groupings
 
of isolates were determined using a Scott-Rnott Cluster
 
Analysis method (Gates and Bilbro 1978) based on in vitro
 
plant growth regulator production level (IAA) and rankings
 
of plant growth regulator production stability (Appendix
 
Table A-64), and cultural growth rate (Appendix Table A­
65) (a three point scale).  This classification procedure
 
merely assigns each isolate to a cluster placing similar
 
isolates together.  Relationships among the clusters are
 
not characterized (within-cluster homogeniety), however
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results were used to derive the classification for each
 
isolate.
 
EXPERIMENT 2: IX VITRO ETHYLENE PRODUCTION BY ISOLATES OF
 
MYCORRHIZAL FUNGI.
 
Mycorrhizal Fungal Isolates and Culture.
 
Mycorrhizal fungal isolates evaluated in this
 
experiment are given in Appendix Table A-1.  Cultures were
 
maintained as previously described.
 
Fungi grown on MMN agar (Molina and Palmer 1982) were
 
transferred to liquid cultures.  A 3 mm diameter plug from
 
the margin of an agar colony was placed into a screw cap
 
culture tube (15 X 2 cm) containing 10 mL of MMN broth.
 
Liquid cultures were grown statically at room temperature.
 
Several glass beads were in the tubes, and the cultures
 
were shaken occasionally to break up mycelium.
 
After 5 weeks the mycelium from tubes was aseptically
 
filtered, washed and placed into a 15 x 1.3 cm culture
 
tube with 10 mL of liquid MMN.  Five liquid cultures per
 
isolate were amended with 2.5 mM DL-methionine (Sigma).
 
An additional 5 cultures per isolate were grown as
 
controls in non-amended MMN.  Background concentrations of
 
ethylene were estimated by incubating 5 tubes of each of
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the two sterile test media (MMN with and without
 
methionine).
 
Ethylene Analysis
 
Cultures were grown at 20 C in the dark for 3 days
 
and then placed for 60 min in a laminar flow hood without
 
caps.  After flushing the air space with sterile air, the
 
tubes were sealed with rubber serum caps previously
 
sterilized in 70% ethanol.  After incubation in the dark
 
at 20 C for another 96 h, a 1 ce gas sample was withdrawn
 
from each culture tube and analyzed for ethylene.
 
Test samples were injected into a Hewlet-Packard
 
5890A gas chromatograph equipped with a flame-ionization
 
detector and a 1.8 m Poropak Q (80-100 mesh) stainless
 
steel column.  Column temperature was maintained at 70 C,
 
detector and injector temperature at 150 C, and nitrogen
 
carrier gas flowed at 30 mL min-1.  Ethylene was
 
identified and quantified by co-chromatography with a
 
known amount of ethylene-in-air standard (6 ul 1-1).
 
Measurements were repeated weekly for 2 more weeks.
 
Culture tubes were flushed with sterile air 96 h before
 
sampling for ethylene.  After the final ethylene
 
measurement, hyphal fragments from fungal cultures were
 
plated on MMN medium to check for viability and
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contamination.  The remaining mycelium in each tube was
 
filtered, washed, dried (70 C for 24 h) and weighed.  The
 
average concentration of ethylene in the blank tubes was
 
caltuketed Eigly4ebtr4aL0d fr0mcathylene values inpj8 0
 
of head sRpce in a
 
culture tube was divided by the dry weight (mg) of fungus
 
and hours of incubation (96 h) (ng cm-3mg-lhr-1)  .
 
Statistical Analysis
 
Means of each time group] (3) of replicates (5
 
replicates/ isolate/time) were analysed for differences
 
between isolates using SYSTAT (Wilkinson 1988) as
 
pjreviously outlined.  Means were ranked and artifical
 
groumings of isolates were determined using a Scott-Knott
 
Cluster Analysis method (Gates and Bilbro 1978) based on
 
in vitro plant growth regulator pjroduction level
 
(ethylene) and rankings of plant growth regulator
 
pjroduction stability (Appjendix Table A-65), and cultural
 
growth rate (Appjendix Table A-67) (based on a three point
 
scale).  This classification assigns each isolate to
 
cluster placing similar isolates together.  Relationships
 
among the clusters are not characterized (within- cluster
 
homogeniety), however Ethylene analysis results were used
 
to derive the classification for each isolate.
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EXPERIMENT 3: RESPONSES OF CONIFER SEEDLINGS TO
 
INOCULATION WITH MYCORRHIZAL FUNGI WITH DIFFERENTIAL IX
 
VITRO IAA AND ETHYLENE PRODUCTION CAPACITIES.
 
Seedling Attributes and Culture
 
Seeds of Interior Douglas-fir (Pseudotsuga menzesii
 
(Mirb.) Franco) (PSME), Englemann Spruce (Picea
 
englemannii Parry) (PIEN), and Lodgepole Pine (Pious
 
contorta Dougl.) (PICO) were stratified in 30% hydrogen
 
peroxide for 2 h, washed in sterile dH2O overnight and
 
germinated on water agar.  Seedlings supporting growth of
 
microbial contaminants were discarded.  One week after
 
germination, seedlings were transplanted into a mixture of
 
steam sterilized vermiculite and peat moss.  At 8 weeks,
 
seedlings were transplanted into 21 x 4 cm diameter tubes
 
containing a mixture of 3 parts air-steam pasteurized (70
 
C for 30 min.) soil (sandy loam with 0.8% organic matter,
 
available P (Bray) 10 mg kg-1, pH 6.5) and 1 part (v/v)
 
mycorrhizal fungal inoculum.
 
Seedlings were maintained in a glass house for 4
 
months under a 16 h photoperiod of 10.5 klx (200 uE m-2
 
for 400-700 nm) and day/night temperatures of 23/18 C.
 
Plants were watered as needed, although after
 
fertilization at least 24 h elapsed before irrigation.
 
Modified Hoagland's solution (Appendix Table A-4) was
 
applied to the growth medium (20 ml cavity-l) once weekly.
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Immediately after harvest, samples of root tissue were
 
immersed in liquid nitrogen and stored at -20 C in the
 
dark.  All tissue was freeze-dried prior to extraction for
 
IAA.
 
Mycorrhizal Fungal Isolates and Inoculum Production
 
The mycorrhizal fungi used in this study and their
 
plant growth regulator production characteristics (see
 
experiments 1 and 2, this chapter) are given in Table 1-1.
 
Fungi were grown in flasks containing 2 L of semi-solid
 
medium formulated as described previously.  Cultures were
 
stored in a dark incubator at 20 C and were agitated
 
daily.  After 5 weeks of growth, mycelium was harvested by
 
filtration, fragmented using a Waring Blender (1L) and
 
added to the inoculum mixture with vermiculite and peat
 
moss (1:1:1)(v:v:v).
 
Seedling Morphology
 
Seedling height and root collar diameter were
 
measured two months after inoculation.  At four months,
 
seedlings were harvested, and final height and root collar
 
diameter were recorded.  Stems and roots not subsampled
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for IAA analysis were dried at 100 C for 72 h and their
 
weight determined.
 
Growth was measured using the procedures described by
 
Hunt (1982).  Relative growth (RGR) was determined by the
 
equation: RGR = (ln X, - ln Xn_1)/ (T, - T,_1), where X, is
 
the parameter at time T, and Xn_i is the parameter at time
 
T..2.  Thus, the calculated rate is the difference between
 
the natural log of a parameter at (n) time and the natural
 
log of the parameter at (n-1) time divided by the time
 
period.  The values are reported as percentage increases
 
(%/time period).
 
Mycorrhizal Colonization
 
Mycorrhizae formation at 4 months was determined by
 
counting the number of primary laterals on a seedling and
 
the percentage that were mycorrhizal.  Random subsamples
 
of half the root system were used to quantify the number
 
of primary laterals per ml of root system.  Representative
 
mycorrhizae were examined for Hartig net development and
 
reisolations of the mycorrhizal fungi were performed.
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IAA Analysis
 
Samples for IAA analysis were taken from all 10
 
experimental seedlings in each conifer species-fungal
 
isolate combination.  Immediately after harvest, samples
 
were immersed in liquid nitrogen and stored at -20 C in
 
the dark.  All tissue was freeze dried prior to
 
extraction.  Extraction was performed using a modified
 
method of Cohen et al. (1987) and Miller (1990) by
 
grinding 6 mg of root tissue in 5 ml g-1 of 80% 2-propanol
 
in 0.2 M imidazole buffer.  13C6-(benzene ring) IAA (0.1 ­
1 ug g-1 tissue) and 50,000 to 1,000,000 cpm of 41-IAA was
 
added, and the extract was allowed to equilibrate for 1 h.
 
The extract was centrifuged and supernatants pooled, than
 
divided into volumes equilivant to 1 mg of tissue.  Two
 
replicates each were purified and quantified for the
 
endogenous concentration of free-IAA and the two
 
conjugated forms, ester and amide bound.
 
For purification of free-IAA, the volume of the 80%
 
2-propanol extract was increased with distilled water so
 
the organic solvent made up less than 20% of the total
 
volume.  This was then loaded into and passed through a
 
preconditioned "Baker" amino column (3 mL) (preconditioned
 
with one volume hexane followed with methanol, distilled
 
water and 0.02M imidazole buffer).  Then the column was
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rinsed with one column volume of ethyl acetate and
 
acetonitrile, and then eluted with methanol with 2% acetic
 
acid.  The eluant was dried in vacuo and resuspended in
 
100 uL of 50% methanol.  Further purification of the
 
extract was obtained by HPLC on a Cn reverse-phase column
 
(4.6 X 125 mm Whatman Partisil DS-3 column) with flow rate
 
of 1 mL min-1 and 20% acetonitrile and 1% acetic acid as
 
the mobile phase).  Radioactive fractions were pooled,
 
dried, resuspended in 100 uL of methanol and methylated
 
with diazomethane.  After methylation, the extract was
 
exaporated under nitrogen and resuspended in 20 uL of
 
ethyl acetate.  HPLC analysis of extracts were preformed
 
by isocratic reverse phase on a Waters Associates Bondpak
 
C13 Column (0.39 X 30 cm) equilibrated in
 
water:acetonitrile:acetic acid (80:20:1) (v:v:v) at room
 
temperature.  Detection was at 280 nm and quantification
 
was made by area integration through the Waters Data
 
System.  Values are given in ng g1 root dry weight.
 
Hydrolysis and partial purification of IAA conjugates
 
was carried out by hydrolysis with 1N or 7N for ester or
 
amide conjugates, respectively.  Prior to hydrolysis the
 
2-propanol was removed in vacuo.  For the 1 N hydrolysis
 
an equal volume of 2N NaOH was added to the aqueous phase
 
and hydrolysed at root temperature for 1 h.  Appropriate
 
amounts of sodium hydroxide were added directly to the
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plant extract for the 7 N hydrolysis.  These samples were
 
hydrolysed for 3 h at 100 C, after which the extracts were
 
acidified with HC1 to a pH of 2.5.
 
The hydrolysates were passed through a preconditioned
 
(methanol and distilled water) Baker C1, column.  The
 
column was rinsed with two volumes of distilled water and
 
eluted with acetonitrile.  An imidazole buffer (0.02M, pH
 
6.9) was then added to the eluant to decrease the
 
proportion of organic phase to 20% and neutralize the
 
extract.  The remaining purification steps were the same
 
as mentioned above for the purification of free-IAA.
 
Experimental Design and Statistical Analysis
 
For each of the three tree species (PSME, PIES,
 
PICO), six fungal isolates (and 1 control) and ten
 
replicates of each treatment (7 X 10=70 seedlings/tree
 
species) were used in the following completely randomized
 
design:
 
MODEL = Isolate + error.
 
Isolates were treated as distinct treatments and no
 
nesting was done for fungal species.  Means for each
 
replication were analyzed for differences within species
 
by one-way analysis of variance (ANOVA) using the SYSTAT
 
(Wilkinson 1988) statistical package.  If differences were
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detected, means were compared using Fisher's Protected
 
Least Significant Difference (FPLSD) test (p=0.05).
 
Relationships between variables were assessed by
 
Correlation Analyses (Pearson) using SYSTAT (Wilkinson
 
1988) statistical package.
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RESULTS
 
EXPERIMENT 1
 
GC-MS analyses were used to determine the levels of
 
IAA in mycelia and culture filtrates of mycorrhizal fungi.
 
Reproducibility of the GC-MS data was good.  The
 
relatively high standard deviations are considered normal
 
for biological material and are not the result of the
 
method used.  Quantification by GC-MS had a detection
 
limit of 10 pg per injection.
 
Based on in vitro plant growth regulator production
 
and stability, and cultural characteristics, mycorrhizal
 
fungal isolates could be categorized into groups with
 
different in vitro IAA production levels.  Variations in
 
IAA content of mycelia and culture filtrates of
 
mycorrhizal fungi are given in Appendix Table A-3.  IAA
 
contents of mycelia were generally much lower (up to 100
 
fold) than their culture filtrates. A scatterplot of
 
mycorrhizal fungal culture filtrate IAA contents in Figure
 
2-1(A) shows the statistical groupings of all isolates in
 
a Scott-Knott Cluster Analysis (Gates and Bilbro 1978).
 
Mycorrhizal fungal isolates were divided into groups of
 
high (HI), moderate (MI) and low (LI) in vitro IAA
 
producers.  Within-species variation of in vitro IAA
 
production was high.  Graphical representation of
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Laccaria, Rhizopogon and Suillus isolates tested are shown
 
in Figures 2-18 and 2-2.  In general, species with
 
representatives at all three levels of IAA production (LI,
 
MI, HI) were used in further screening procedures.
 
EXPERIMENT 2 
Gas Chromatography was used to detemine the levels of
 
ethylene produced by mycorrhizal fungus cultures.  All
 
fungal isolates showed increased ethylene production with
 
addition of 2.5 mM methionine (data not presented).  Based
 
on in vitro plant growth regulator production and
 
stability, and cultural characteristics, mycorrhizal
 
fungal isolates could be grouped with regard to their
 
different in vitro ethylene production levels.  Variations
 
in ethylene production by fungi in methionine-amended
 
cultures are given in Appendix Table A-4.  A scatter plot
 
of mycorrhizal fungus culture ethylene production in
 
Figure 2-3(A) shows the statistical groupings of all
 
isolates in a Scott-Knott Cluster Analysis.  Isolates were
 
divided into groups of high (HE), moderate (ME) and low
 
(LE) in vitro ethylene producers.  Within-species
 
variation of in vitro ethylene production was high.
 
Graphical representation of Laccaria, Rhizopogon and
 
Suillus species tested are shown in Figures 2-3(8) and 2­99 
4.  In general, species with representatives at all three
 
levels of ethylene production (HE, ME, LE) were used in
 
further screening procedures.
 
Although 53% of all isolates tested showed
 
statisically significant difference in culture IAA content
 
when tested 3 times over a one year period, only 12
 
percent did not retain their designation in groups HI, MI
 
or LI (data not presented).  Similar results occurred with
 
in vitro ethylene production by the fungi, with only 7
 
percent not retaining their designation in groups HE, ME
 
or LE when tested over a period of one year.
 
EXPERIMENT 3 
Tree seedling roots colonized by mycorrhizal fungi
 
that had been categorized by their capacity for in vitro
 
production of IAA and ethylene (Experiments 1 and 2, this
 
chapter), showed differential morphological and
 
biochemical responses to colonization.  Morphological
 
responses and endogenous IAA contents of roots to
 
colonization 2 and 4 months after inoculation are given in
 
Appendix Tables A-5, A-6 and A-7.
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Morphological Responses
 
All inoculated seedling heights were equal to or
 
greater than non-inoculated controls.  Seedling height 2
 
and 4 months after inoculation (Figure 2-5) shows
 
differential responses to mycorrhizal colonization.  PIEN
 
and PSME showed the greatest response to isolates
 
characterized by their IAA production (L1-7, L1-11, Ll­
19).  PICO height was little affected by colonization.
 
In general, mycorrhizal colonization had little
 
effect on diameter when compared to non-inoculated control
 
seedlings.  Although there were few trends with PSME and
 
PICO root collar diameter (Figure 2-6), isolates HE (Rv-7,
 
S1-3) and ME (Rv-8, S1-1) significantly decreased root
 
collar diameter at both 2 and 4 months after inoculation.
 
PIEN root collar diameter at 2 months was signficantly
 
increased by inoculation with isolate HE (L1-17)(Figure 2­
6).
 
Mycorrhizal inoculation increased shoot dry weight of
 
only some plants when compared to non-inoculated control
 
seedlings.  Isolates HI (L1-11) and HE (S1-3)
 
significantly increased shoot dry weight of inoculated
 
PICO (Figure 2-7).  PIEN shoot dry weight was increased by
 
inoculation with isolates HE (L1-17) and ME(L1-2), but
 
there was little significant difference in shoot dry
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weight of PSME seedlings 4 months after inoculation
 
(Figure 2-7).
 
Inoculation seedlings with most isolates of
 
mycorrhizal fungi resulted in significant increases in
 
root dry weight over non-inoculated seedlings (Figure 2­
7).  Root dry weight of PICO seedlings was significantly
 
increased by isolates capable of high and low in vitro
 
ethylene and IAA production (L1-11, S1-3, L1-7, Se­
2)(Figure 2-7).  Inoculation of PIEN and PSME with most
 
isolates resulted in significant increases in root dry
 
Wight over non-inoculated control seedlings.
 
Relative height and diameter growth and root/shoot
 
ratio of all three species of conifers showed variable
 
responses to inoculation (Figures 2-8 and 2-9). Only a few
 
isolates had a higher relative height growth rate and
 
root:shoot ratio when compared to non-inoculated control
 
plants, while a number of inoculation treatments had a
 
lower relative height growth rate when compared to control
 
plants.  In all cases, inoculated PICO relative diameter
 
growth rate was higher than non-inoculated control
 
seedlings.  However in most cases relative diameter growth
 
rate of inoculated PSME and PIEN seedlings was less than
 
controls.
 
Number of primary lateral roots per ml was increased
 
by inoculation with all isolates on PICO, but only with
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some isolates with PIEN and PSME (Figure 2-9).
 
Colonization was also isolate dependant (Figure 2-10) but
 
not linked directly to plant growth regulator
 
characterization of mycorrhizal isolates.
 
Root IAA Responses
 
Inoculation had no significant effect on amide bound
 
IAA conjugates in the roots of all three tree species.
 
Effects of inoculation on free and conjugate (ester) IAA
 
of conifer roots varied with tree species (Figure 2-11).
 
Only 38% of the inoculated seedlings had a higher free-IAA
 
content of roots than controls, and only 21% had higher
 
IAA-conjugate contents than controls.  Free IAA of roots
 
was increased significantly by colonization with isolates
 
HI (L1-11) and HE (S1-3, Rv-7, L1-17) on both PICO and
 
PSME but not PIEN.  Isolate HE significantly increased IAA
 
conjugates (ester) in PICO (S1-3) but not PSME (Rv-7)
 
roots.
 
Correlations between in vitro PGR production, root IAA and
 
morphology.
 
Correlations between in vitro IAA and ethylene
 
production and plant growth is shown in Table 2-2.  In
 
vitro IAA production by mycorrhizal fungi was
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significantly correlated to height, relative height
 
growth, relative diameter growth, number of primary
 
lateral roots, number of primary lateral roots per mL, and
 
root IAA content (ester conjugates) of PSME seedlings 2
 
months after inoculation.  Most morphological attributes
 
not significantly correlated to in vitro IAA production
 
did show positive relationships to IAA production.
 
PICO height 2 months after inoculation, and root
 
collar diameter, root dry weight, number of primary
 
lateral roots per mL, percentage colonization and root IAA
 
(ester conjugates) four months after inoculation were
 
significantly correlated to in vitro IAA production by
 
mycorrhizal fungi.
 
Only height and number of primary laterals of PIEN
 
seedlings were significantly correlated to in vitro IAA
 
production, although most other morphological attributes
 
showed positive relationships with in vitro IAA
 
production.
 
In vitro ethylene production by mycorrhizal fungi was
 
positively correlated only to height and percentage
 
colonization in PSME 2 months after inoculation.  In
 
contrast, PICO height and relative height growth were
 
negatively correlated to in vitro ethylene production 4
 
months after inoculation, while other morphological
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attributes and root IAA content (ester conjugates) had a
 
positive correlation to in vitro ethylene production.
 
PIEN growth and root IAA content showed similar
 
correlations to in vitro ethylene production.  Root and
 
shoot dry weight of PIEN increased proportionately to
 
increasing in vitro ethylene production capability of the
 
inoculated mycorrhizal fungal isolate.  Total height of
 
PIEN 2 months after inoculation increased proportionately
 
to both in vitro ethylene and IAA production capability of
 
the mycorrhizal fungal isolate colonizing its roots.
 
Endogenous root IAA and in vitro fungal IAA
 
production capability were well correlated  in PSME.  In
 
contrast, endogenous root IAA of PICO and PIEN colonized
 
by different in vitro IAA-producing fungi, was poorly
 
correlated with in vitro IAA production.  Endogenous root
 
IAA and in vitro fungal ethylene production were well
 
correlated in both PICO and PIEN.  PSME endogenous root
 
IAA was negatively correlated with in vitro IAA
 
production.
 
Although some morphological features showed
 
significant response to inoculation (p<0.05), responses
 
could not be consistently correlated to either endogenous
 
root IAA contents or in vitro fungal plant growth
 
regulator production for all three tree species.
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DISCUSSION
 
Root growth, as with other plant physiological
 
processes, is regulated by plant growth regulators.  Plant
 
growth regulator production, metabolism and distribution
 
within the plant is influenced by both physical and
 
biological environmental factors.  Plant growth regulator
 
activity is influenced by concentration in the tissue,
 
both absolute and in relation to other plant growth
 
regulators, and tissue sensitivity.  In this study, we
 
sought to evaluate the potential for mycorrhizal fungi to
 
influence the endogenous concentration of the major root-

promoting plant growth regulators, indole acetic acid
 
(IAA) and ethylene.  The overall hypothesis was that
 
ectomycorrhizal fungi vary in their capacity to produce
 
these growth regulators in vitro, and that high producers
 
would have a greater influence on root growth of conifer
 
seedlings than low producers, resulting in greater plant
 
growth and survival at outplanting.
 
The results of the in vitro production studies
 
clearly confirmed previous results (Graham and Linderman,
 
1980; Rupp et al. 1989) that ectomycorrhizal fungi do
 
utilize methionine as a precursor for ethylene production,
 
and that there is considerable variation in production
 
capacity, both within and between species of mycorrhizal
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fungi.  This study also included more fungi than
 
previously evaluated, enough that they could be clustered
 
into groups based on their high, medium or low capacity to
 
produce ethylene.  Similarly, these fungi exhibited
 
considerable variation in IAA production capacity in
 
vitro, both within and between species, and accordingly
 
could be grouped into high, medium and low producers of
 
IAA, based on analysis by GC-MS technology.  Previous
 
workers (Ek et al. 1983; Frankenberger and Poth 1987; Gay
 
1986; Mitchell 1985; Ho 1986) had analyzed IAA by other
 
methods, but their production levels were quite consistent
 
with results of this study.
 
Although differences between these artificial
 
groupings are statistically significant, it should be
 
noted that their biological significance in symbiosis is
 
unknown.  However, further testing of these isolate groups
 
for their differential effects on conifer morphology and
 
physiology would lend indirect evidence to the role of
 
mycorrhizal fungal-produced IAA and ethylene in symbiosis.
 
Based on IAA and ethylene production capacity,
 
ectomycorrhizal fungi were selected for inoculation of
 
seedlings of different conifer species to test the second
 
portion of the hypothesis, i.e. whether high producers of
 
IAA or ethylene would influence the level of endogenous
 
IAA in roots more than low producers.  A significant
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correlation between production capacity and increased IAA
 
level in mycorrhizal fungus-inoculated roots would be
 
indirect evidence of mycorrhiza-mediated IAA production in
 
conifer roots.  The data only partially supported the
 
hypothesis in that the capacity for IAA or ethylene
 
production by test fungi was not always correlated with
 
elevated IAA concentrations in roots.  The response was
 
influenced by tree species-fungal symbiont interactions.
 
Only one high IAA producing fungus, Laccaria laccata (L1­
11) consistently increased endogenous root IAA above
 
control roots for all three tree species tested.  However,
 
there was a strong correlation between ethylene production
 
capacity and endogenous IAA content of roots of all three
 
tree species.  This is clear indirect evidence that
 
ethylene production by the fungal symbiont stimulates IAA
 
production in the roots.  Even though others have shown
 
ethylene stimulation of root growth in conifers (Alvarez
 
and Linderman 1986; Rupp et al. 1989), it had not been
 
previously shown that mycorrhiza-produced ethylene could
 
increase IAA production in colonized roots.  It has been
 
shown, however, that flooding stress-induced ethylene
 
could induce elevated IAA in tomato plants (Wample et al.
 
1979).
 
The last portion of the hypothesis tested here as
 
that IAA or ethylene production by mycorrhizal fungi could
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affect root growth as mediated by increased IAA
 
production.  Alvarez and Linderman (1986) and Blake and
 
Linderman (1992) showed that increased ambient ethylene in
 
cold-stored conifer seedlings could stimulate root growth
 
capacity at outplanting, but the mechanism was new
 
determined.  Furthermore, there was considerable variation
 
in tree species response, both in terms of increased root
 
growth capacity and seedling growth and survival.  In this
 
study, levels of endogenous IAA, as potential affected by
 
different mycorrhizal fungi, was not consistently
 
correlated with increased seedling growth for the
 
parameters measured, i.e. height, stem caliper, root and
 
shoot mass, and number of primary lateral roots per volume
 
of the root system.  There was clearly mycorrhizal
 
symbiont-tree species variation.  For example, in general,
 
Englemann Spruce growth responses were positively
 
correlated with in vitro ethylene production capacity by
 
mycorrhizal fungi.  With other tree species, however,
 
there were good correlations with some parameters and not
 
with others.
 
There can be many factors that contribute to the
 
inconsistent response or lack of correlation of IAA or
 
ethylene producing capacity by ectomycorrhizal fungi and
 
induced plant and root growth as mediated by changes in
 
endogenous IAA levels.  As Trewavas (1981) suggested,
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there is no evidence of plant growth regulators acting via
 
changes in the concentration, and that all change in
 
response must be attributed to changes in tissue
 
sensitivity.  This is the reason frequently given for lack
 
of correlation between hormone concentration measured in a
 
tissue and response.  Changes in endogenous concentrations
 
of IAA in tissues are often much smaller than would be
 
expected relative to the magnitude of the changes in
 
growth or development observed.  It could be that response
 
is the result of changes in the number of receptors
 
(receptivity), receptor affinity, or a change in the
 
subsequent chain of events (response capacity) (Firn
 
1986).  Furthermore, plant responses may not be in
 
relation to actual levels of endogenous IAA, but rather to
 
changes in the ratio of IAA to other plant growth
 
regulators (Davies 1986).
 
In these studies, many environmental or cultural
 
conditions could have influenced the capacity of selected
 
ectomycorrhizal fungi to influence plant growth via
 
induced changes in endogenous IAA levels in roots.  A
 
given set of plant growth conditions could favour the
 
response by one tree species but not another.  In that
 
regard, the general hypothesis that any mycorrhizal fungi
 
with high in vitro IAA or ethylene producing capacity
 
would have greater capacity to increase IAA production in
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roots, is not true.  Too many other variables influence
 
the symbiotic association that cannot be known from in
 
vitro tests.  High IAA production in vitro does not
 
necessarily mean high IAA production in vivo.
 
Furthermore, different tree species may have different
 
capacity to produce IAA in the absence of mycorrhizae, and
 
that capacity can vary with developmental stage of the
 
plant.  For these reasons and probably many more, it
 
appears to be impossible to predict, as the hypothesis
 
stated, that high hormone producing ectomycorrhizal fungi
 
would stimulate root growth.
 
While the results presented here do not consistently
 
confirm the hypothesis that high capacity for in vitro IAA
 
and/or ethylene production by ectomycorrhizal fungi will
 
induce increased endogenous IAA in root tissue and
 
subsequent root growth, the data suggest that under the
 
right conditions the hypothesis could be true.  The
 
mycorrhizal fungus-tree species combination is highly
 
specific, so that is not surprising that the sensitivity
 
range of each conifer species to different growth
 
regulators could be different (Lavender 1989).
 
Nevertheless, in a dynamic plant growth system, the
 
interaction could be highly effective and plant response
 
could be clearly positive.  The results presented here
 
clearly support the contention that there is a
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relationship between fungus-produced IAA and endogenous
 
IAA under some conditions, and furthermore, that there is
 
a fungus produced ethylene relationship to elevated
 
endogenous IAA concentration in roots.  These
 
relationships could ultimately affect growth responses and
 
survival of conifer seedlings outplanted in reforestation
 
efforts.
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FIGURE 2-1: Statistical groupings (p<0.05)based on in vitro culture and plant growth
 
regulator production characteristics of (A) all mycorrhizal fungal isolates, and (B)
 
Laccaria laccata isolates, based on high (HI), moderate (MI) and low (LI) in vitro IAA
 
production (see Appendix Table A-2).
 Suillus spp. 
Rhizopogon 
vinicolor 
B A 
AXIS #1  AXIS #1 
FIGURE 2-2: Statistical groupings (p<0.05) based on in vitro culture and plant growth
 
regulator production characteristics of (A) Suillus spp., and (B) Rhizopogon vinicolor
 
isolates based on high (HI), moderate (MI) and low (LI) in vitro IAA production (see
 
Appendix Table A-2).
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FIGURE 2-3: Statistical groupings (p<0.05) based on in vitro culture and plant growth
 
regulator production characteristics of (A) all mycorrhizal fungal isolates, and (B)
 
Laccaria laccata isolates based on high (HE), moderate (ME) and low (LE) in vitro
 
ethylene production (see Appendix Table A-3).
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FIGURE 2-4:  Statistical groupings (p<0.05) based on in vitro culture and plant growth
 
regulator production characterisitcs of isolates of (A) Rhizopogon vinicolor, and (B)
 
Suillus spp. based on high (HE), moderate (ME) and low (LE) in vitro ethylene production
 
(see Appendix Table A-3).
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FIGURE 2-5: Effect of mycorrhizal fungal inoculation on total height growth of conifer
 
seedlings after 2 and 4 months (see Appendix Table A-5).  Bars within a species labelled
 
with the same letter are not significantly different (p<0.05). Fungal codes from Table
 
2-1.
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FIGURE 2-6: Effect of mycorrhizal fungal inoculation on root collar diameter growth of
 
conifer seedlings after 2 and 4 months (see Appendix Table A-5).  Bars within a species
 
labelled with the same letter are not significantly different (p<0.05).  Fungal codes
 
from Table 2-1.
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FIGURE 2-7: Effect of mycorrizal fungal inoculation on shoot and root dry weight of
 
conifer seedlings after 4 months (see Appendix Table A-5).  Bars within a species
 
labelled with the same letter are not significantly different (p<0.01).  Fungal codes
 
from Table 2-1.
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FIGURE 2-8: Effect of mycorrhizal fungal inoculation on relative height and diameter
 
growth of conifer seedlings calculated over 4 months (see Appendix Table A-6).  Bars
 
within a species labelled with the same letter are not significantly different (p<0.01).
 
Fungal codes from Table 2-1.
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FIGURE 2-9: Effect of mycorrhizal inoculation on root:shoot ratio and number of primary
 
laterals per milliliter 4 months after inoculation (see Appendix Table A-6).  Bars
 
within a species labelled with the same letter are not significantly different (p<0.01).
 
Fungal codes from Table 2-1.
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FIGURE 2-10:  Effect of mycorrhizal inoculation on number of colonized lateral roots and
 
percent colonization of conifer seedlings 4 months after inoculation (see Appendix Table
 
A-6).  Bars within a species labelled with the same letter are not significantly
 
different (p<0.01).  Fungal codes from Table 2-1.
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FIGURE 2-11:  Effect of mycorrhizal inoculation on free and ester conjugate IAA in
 
conifer roots four months after inoculation (see Appendix Table A-7).  Bars within a
 
species labelled with the same letter are not significantly different (p<o.o1). Fungal

codes from Table 2-1.
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TABLE 2-1: Experimental fungal isolates and their in vitro
 
IAA and ethylene production (see experiments 1 and 2, this
 
chapter).
 
FUNGAL  TREE SPECIES  IA&  ETATLENZ  DESIGNATOR 
ISOLATE  PRODUCTION  PRODUCTION 
L1-7  PSME,PICO,PIEN  6.56  0.02  LI 
L1-11  PSME,PICO,PIEN  58.04  0.37  NI 
L1-19  PSME,PICO,PIEN  22.89  0.39  NI 
L1-2  PIEN  8.20  0.34  NE 
L1-14  PIEN  61.83  0.02  LI 
L1-17  PIEN  10.27  0.55  Ai 
Rv-5  PSME  65.78  0.01  LE 
Rv-7  PSME  1.25  1.10  AK 
Rv-8  PSME  5.43  0.34  NZ 
51-3  PICO  3.19  0.64  Ai 
51-2  PICO  8.45  0.0  Li 
S1-1  PICO  0.51  --­ 0.43  NI TABLE 2-2: Pearson Correlation Coefficents (p=0.05) between in vitro IAA or ethylene
 
production by mycorrhizal fungi (6 isolates/tree species) and inoculation responses to
 
colonization on three conifer species four months after inoculation.
 
CHARACTERISTIC  IN VITRO IAA PRODUCTION  IN VITRO ETHYLENE PRODUCTION
 
I I
 PSME  PICO  PIEN  PSME  PICO  PIEN
 
I I
 
HEIGHT (2 months)  ns  0.68  0.75  0.43  ns  0.73
 
HEIGHT (4 months)  0.51  ns  0.61  ns  0.51  ns
 
HEIGHT MONTH RATE  0.57  ns  ns  0.52  0.69  0.66
 
ROOT COLLAR DIAMETER (4 months)  ns  0.67  ns  ns  ns  0.70
 
DIAMETER GROWN RATE  0.54  ns  ns  0.42  ns  ns
 
SHOOT DRY HEIGHT (4 months)  ns  ns  ns  ns  0.49  ns
 
NUMBER PRIMARY LATERAL ROOTS  0.81  ns  0.76  ns  ns  ns
 
LATERAL ROOTS PER ML  0.79  0.56  ns  0.79  ns  ns
 
ROOT DRY HEIGHT  ns  0.44  ns  ns  0.49  0.81
 
PRIMARY LATERALS COLONIZED  ns  0.58  ns  0.54  0.59  0.52
 
ROOT IAA CONTENT  0.75  0.41  ns  0.49  0.62  0.79
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CHAPTER 3
 
RELATIONSHIPS BETWEEN IAA- OR ETHYLENE-PRODUCING CAPACITY
 
OF ECTOMYCORRHIZAL FUNGI AND ENDOGENOUS IAA IN ROOTS AND
 
GROWTH RESPONSES OF OUTPLANTED CONIFER SEEDLINGS.
 
ABSTRACT
 
Ectomycorrhizal fungi produce plant growth regulator
 
(PGR) substances in vitro, such as IAA and ethylene, but
 
it is not known absolutely whether there is  any
 
relationship between fungus-produced PGRs, the levels of
 
endogenous PGRs in host tissues, and growth responses of
 
inoculated seedlings.  Therefore seedlings of different
 
conifer species (Interior Douglas-fir, Lodgepole Pine and
 
Ponderosa Pine) were inoculated with ectomycorrhizal fungi
 
known to have different capacities (high, moderate or low)
 
to produce either IAA or ethylene in vitro, and to
 
determine correlations between PGR production capacity,
 
changes in endogenous IAA content of roots, and changes in
 
morphology and survival of outplanted seedlings.
 
Container-grown seedlings, in two separate experiments,
 
were inoculated at seeding, grown for one season,
 
harvested and cold stored, and transplanted into either a
 
nursery site or harsh outplanting site.  Endogenous IAA in
 
roots and seedling morphology were measured immediately
 
after cold storage and again 6 and 12 months after
 
outplanting in both experiments.
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Morphological responses to inoculation varied between
 
different mycorrhizal fungi.  Free IAA content of roots
 
was increased in some inoculation treatments for all
 
conifer species.  In general, in the nursery plantation
 
experiment, ethylene-producing capacity of mycorrhizal
 
fungi was highly correlated to more morphological features
 
than IAA-producing capacity.  In the field outplanting
 
experiment, both IAA- and ethylene-producing capacity were
 
significantly correlated to many more morphological
 
features than in the nursery experiment.  One year after
 
transplant, only IAA-producing capacity was correlated
 
with increased endogenous IAA content in roots of
 
inoculated seedlings.
 
These results suggest that growth responses of
 
conifer seedlings inoculated with PGR-producing strains of
 
ectomycorrhizal fungi are, or can be, at least partially
 
influenced by events mediated by PGRs (IAA or ethylene)
 
produced by the fungal symbionts.
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INTRODUCTION
 
All temperate zone trees have mycorrhizal fungi
 
associated with their root systems.  These fungi are
 
essential symbionts which are critical for the uptake of
 
nutrients, especially phosphorous and nitrogen.
 
Experimental evidence has documented mycorrhizal roles in
 
increasing drought tolerance, buffering soil toxins and pH
 
extremes, deterring root pathogens, extending feeder root
 
longevity, and enhancing populations of beneficial
 
rhizosphere organisms including nitrogen fixing bacteria
 
(Theordorou and Bowen 1970, LeTacon and Bouchard 1986;
 
Harley and Smith 1983).  Since the early 1970's extensive
 
literature has been published demonstrating the beneficial
 
effects of ectomycorrhizal fungus inoculation on seedling
 
quality, and survival and growth after planting (Marx
 
1977; Shaw 1980; Bair and Otta 1981).  The first wide-

scale commercial applications of ectomycorrhizal fungi
 
were in the southeastern United States with various pine
 
species (Marx 1970).  During the 1980's, studies in the
 
western United States demonstrated the value of
 
ectomycorrhizal fungal inoculation under some conditions,
 
particularly on harsh sites with poor soil conditions
 
(Parke et al 1983).  Clearly, reforestation problems
 
encountered in the west are vastly more complex than in
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the south due to greater diversity of habitats, tree and
 
shrub species, mycorrhizal fungi, climatic conditions, and
 
soil types.  Superimposed on these complex natural systems
 
are diverse harvesting, site preparation, nursery seedling
 
production and planting methods.
 
Growing seedlings in containers has improved the
 
quality of planting stock (Johnson 1974; Miller and Budy
 
1974; Tinus and McDonald 1979; Ruehle et al. 1981; Molina
 
and Chamard 1983) in that container-grown seedlings often
 
survive and grow better than barerooted stock, especially
 
on adverse sites (Ruehle et al. 1981).  Greenhouse
 
production of container-grown seedlings, however, often
 
inhibits or eliminates the development of mycorrhizae
 
(Molina and Chamard 1983).  Well developed ectomycorrhizae
 
are believed to significantly improve the outplanting
 
performance of container-grown trees (Dixon et al. 1981;
 
Marx 1980; Trappe 1977; Ruehle 1980).
 
Seedlings grown in bareroot nurseries commonly show
 
variable responses to artificial inoculation (LeTacon and
 
Bouchard 1986; Maghembe and Redhead 1984; Marx et al.
 
1984; Molina and Trappe 1984; Quintos and Vales 1987).
 
Picea sitchensis inoculated with four different
 
ectomycorrhizal fungi (Thomas and Jackson 1983) showed no
 
growth response to inoculation in a greenhouse experiment
 
with pasteurized, phosphorous-amended bare-root  nursery
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soil, but showed positive responses to inoculation in the
 
same soil which was not pasteurized.  Positive results of
 
inoculation on seedling growth in bare-root nursery soils
 
lend support to the hypothesis that soil volume available
 
for exploitation is an important factor.
 
One objective of forest nursery production systems is
 
to produce seedlings which have a strong ability to
 
produce new roots upon outplanting.  When a seedling is
 
out-planted on a site, survival is highly dependent on
 
it's ability to regenerate roots (not just quantity, but
 
quality, type and speed) (Burdett 1984; Ritchie and Dunlap
 
1980; Stone and Jenkinson 1970).  This implies that
 
without the intimate contact between the active seedling
 
root system and the soil, seedlings will not survive.
 
This effect can be very dramatic on dry sites when
 
seedlings of supposedly high quality have a low first year
 
survival rate.  Unfortunately, the ability to predict the
 
effect of root growth potential on seedling survival is
 
poor, partially because of the methods of assessing
 
quality, but also because of the inherent variability in
 
the quality of stock produced by nurseries.  More emphasis
 
could be placed on integrating procedures into nursery
 
production practices which are known to cause specific
 
effects in seedlings (ie. root growth) that prepare them
 
for selected site problems when outplanted.
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Inoculation of tree seedlings in the nursery with
 
specific mycorrhizal fungi can increase seedling survival
 
at outplanting (Shaw et al. 1982; Bair and Otta 1981;
 
Parke et al. 1983; Dixon et al. 1981).  Some studies have
 
shown increases in root dry weight, resulting from
 
inoculation (David et al. 1983; Azcon and Barea 1975),
 
with concomitant increases in root:shoot ratio (Black
 
1984; Danielson et al 1984), while other studies (Dixon et
 
al. 1980; Chilvers and Gust 1982) show increases in
 
numbers of elongating roots and root length.  Mycorrhiza
 
formation may increase seedling survival by increasing
 
root growth.  Some underlying interaction must exist,
 
between the seedling root system and the mycorrhizal
 
fungus, which stimulates root growth.  This influence on
 
root growth must also be quantifiable since there is a
 
differential interaction in seedling response with
 
different species (Mosse et al. 1981; Slankis 1973) and
 
strains (Trappe 1977) of fungi.
 
One potential method of increasing outplanting
 
survival of seedlings is to exploit these mycorrhizal
 
effects on root growth.  Root growth is mediated by plant
 
growth regulators (PGRs) such as auxins, gibberellins,
 
cytokinins, abscissic acid and ethylene (Blake and Reid
 
1981; Fabijan et al. 1981).  Despite the important role
 
PGRs seem to play in forest trees (DeYoe and Zaerr 1976;
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Zaerr 1967; Zaerr and Lavender 1980), surprisingly little
 
work has been done on the synthesis of these compounds by
 
mycorrhizal fungi in symbiosis.  PGRs produced by
 
mycorrhizal fungi may not only alter the level of root
 
exudation and carbohydrate allocation within a conifer
 
seedling, they could also influence root morphogensis and
 
lateral root proliferation (Gay 1988).  Slankis (1948,
 
1951, 1973) reviewed the extensive reports of
 
morphological changes in the host plant that are
 
correlated with hormone responses.  These changes may
 
alter the ability of mycorrhizal plants both to survive
 
stress and to gain access to resources that ultimately
 
improve fitness.
 
Mycorrhizal fungi have been shown to produce the
 
auxins IAA, IBA, IAN, NAA and PAA (Slankis 1973; Radawska
 
1982; Strzelczyk and Pokojska-Burdziej 1984; Crafts and
 
Miller 1974).  Ethylene production in vitro (Graham and
 
Linderman 1981) and auxin-induced ethylene production in
 
mycorrhizal root organ cultures (Rupp and Mudge 1985) have
 
been demonstrated.  Studies of in vivo production of
 
auxins, auxin-induced ethylene, or ethylene by mycorrhizal
 
fungi are very few (Graham and Linderman 1981; Mosse et
 
al. 1981).  Some data on IAA production from such studies
 
are based on methods of quantification which are subject
 
to error.
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MacDougal and Dufrenoy (1944) first reported that the
 
Indole-3-acetic acid (IAA) concentration of mycorrhizal
 
roots was increased compared with non-mycorrhizal roots.
 
They used Ehrlich's reagent to quantify the indole
 
components associated with mycorrhizal roots, and assumed
 
them to be IAA.  Subba-Rao and Slankis (1959) also
 
observed intense coloration with Ehrlich's reagent in
 
mycorrhizae; however, no IAA was detected when extracts
 
were subjected to paper chromatography.  Instead, large
 
quantities of a number of unidentified indole compounds
 
were present.  Sherwood and Klarman (1980), using a
 
spectrophotmetric assay for IAA, reported high levels of
 
IAA in ectomycorrhizae of Virginia Pine (Pious virginiana
 
Mill.) seedlings compared to non-colonized roots.  Use of
 
spectrophotometric techniques for assessing IAA content of
 
plant tissues has been questioned because of their lack of
 
selectivity (Sandberg et al. 1981) between compounds of an
 
indole nature and IAA.  This lack of selectivity would
 
lead to overestimation of IAA concentrations in extracts.
 
This may have been the case with the results of Sherwood
 
and Klarman (1980) showing 12.1 ug IAA g1 fresh weight in
 
non-mycorrhizal roots and 26.2 ug IAA g1 fresh weight in
 
mycorrhizae, compared to 25-250 ng in the various plants
 
tested by Sandberg et al. (1981) by gas chromatography-

mass spectrometry techniques.
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Ek et al. (1983), using HLPC verified by mass
 
spectrometry, reported considerable amounts of IAA (760 ng
 
mg-2 dry weight of mycelium) in Pisolithus tinctorius
 
grown in pure culture.  However, the liquid medium used to
 
culture the fungus contained 9.25 mM tryptophan, a
 
precursor in IAA synthesis.  Since the levels of
 
tryptophan in the medium were higher than those in plant
 
roots, the levels of IAA produced in vitro may differ
 
considerably from those found in mycorrhizae.
 
Mitchell (1984) found that mycorrhizal inoculation
 
significantly increased levels of IAA in roots.  The
 
levels reported were comparable to those reported
 
previously (Sandberg et al. 1980; Hirsh and Torrey 1982).
 
Elevated levels of IAA were not found to be important in
 
the maintenance of the mycorrhizal symbiosis, however.
 
IAA levels two to three times greater for mycorrhizae than
 
non-mycorrhizal roots are likely to be important in
 
promoting transport of carbohydrates to the host root
 
system and their associated fungi.  The high activity of
 
both IAA and IAA oxidase activity in the roots of
 
inoculated plants (Mitchell 1984) suggests that the
 
increase in IAA levels observed does not stem from
 
inhibition of the IAA oxidase system in the host.
 
Therefore it could be a result of increased synthesis by
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mycorrhizal fungi, increased transport of IAA from aerial
 
portions of the plant, or a combination of the two.
 
Alleviation of drought stress is a function of PGR-

mediated increases in root growth.  Although this
 
hypothesis has been indirectly investigated by some
 
researchers, none have directly assessed the influence of
 
mycorrhizal fungi on plant growth regulator-mediated root
 
growth and seedling survival.  Research of this type would
 
help elucidate the role of microbially-produced growth
 
substances on root growth and demonstrate a potential
 
method to increase seedling survival through growth
 
regulator mediation.  This is of importance to the
 
production of high quality forest tree seedlings.
 
The purpose of this study was to investigate
 
endogenous IAA changes in roots of nursery container-grown
 
seedlings in response to inoculation with mycorrhizal
 
fungi with differential capacity for  in vitro PGR
 
production.  The first portion of this report examines the
 
changes in endogenous IAA levels of roots and seedling
 
morphology of mycorrhizal fungus inoculated conifers
 
planted out in a nursery.  The second portion examines
 
similar changes in inoculated seedlings outplanted into a
 
harsh field site.  Changes in root IAA content correlative
 
to differential in vitro plant growth regulator production
 
capacity.  Changes within the plant correlative to
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differential mycorrhizal fungal PGR production are
 
considered indirect evidence of fungal mediation of plant
 
response.
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OBJECTIVES AHD HYPOTHESES
 
The experimental objectives of this study were to
 
determine: (1) whether differential capacity to produce
 
IAA or ethylene in vitro by selected mycorrhizal fungi
 
could be correlated to endogenous root IAA in inoculated
 
conifer nursery seedlings,(2) whether mycorrhizal fungus-

mediated changes in IAA concentrations in roots could be
 
correlated with growth in inoculated nursery-grown conifer
 
seedlings, and (3) determine whether mycorrhizal fungus-

mediated changes in IAA concentrations in roots could be
 
correlated with forest nursery assessments of stock
 
quality and seedling survival.
 
To fulfill these objectives the following hypotheses
 
were tested:
 
H1: in vitro IAA production capacity of selected
 
mycorrhizal fungi influences endogenous IAA concentrations
 
in mycorrhizae.
 
14: Capacity for in vitro ethylene production by selected
 
mycorrhizal fungi is correlated with endogenous IAA
 
concentrations in mycorrhizae.
 
I13: Levels of endogenous IAA in roots are correlated with
 
root growth of seedlings.
 
H4: Levels of endogenous IAA in roots are correlated with
 
seedling growth and survival.
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MATERIALS AND METHODS
 
EXPERIMENT 1:  MORPHOLOGICAL AND BIOCHEMICAL RESPONSES OF
 
CONTAINER-GROWN CONIFER SEEDLINGS INOCULATED WITH
 
MYCORRHIZAL FUNGI CAPABLE OF DIFFERENTIAL IN VITRO PGR
 
PRODUCTION.
 
Seedling Attributes and Culture
 
Seeds of Interior Douglas-fir (Pseudotsuga menzesii
 
(Mirb.) Franco) (PSME-I) and Lodgepole Pine (Pinus
 
contorts Dougl.) (PICO) were seeded and grown in a
 
styroblock nursery production system (B.C. Ministry of
 
Forests, Surrey Nursery, Surrey, B.C.) for one year.
 
Seedlings were inoculated 2 weeks after seeding by
 
injecting inoculum into the growth medium in styroblock
 
containers.  Seedlings were lifted (November 20, 1988) and
 
cold stored until May 5, 1989 when they were planted into
 
a plowed Forest Tree Nursery transplant field at the B.C.
 
Ministry of Forests, Surrey Nursery (Surrey, British
 
Columbia, Canada) to assess "seedling quality".  Trees did
 
not have supplemental irrigation during the growing
 
season.
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Mycorrhizal Fungus Selection and Inoculation
 
The mycorrhizal fungi used in this study and their
 
growth regulator characteristics are given in Table 3-1.
 
Fungi for inoculation were grown in flasks containing 2 L
 
of semi-solid medium as described previously (Chapter 2).
 
Cultures were stored in a dark incubation chamber at 20 C
 
and were agitated daily.  After five weeks of growth,
 
mycelium was harvested as previously described (Chapter
 
2), and diluted (1:10) (v:v) with liquid MMN (Molina and
 
Palmer 1985) for injection into growing medium in
 
styroblocks; the inoculum concentration was 1.3 cfu mL-1.
 
Morphological Data and Mycorrhizal Colonization
 
Height and root collar diameter of lifted seedlings
 
were measured after cold storage (May 1989).
 
Representative trees (sample size of 5 per species X
 
isolate combination for a total of 60 seedlings plus 10
 
non-inoculated controls) were also sampled for root dry
 
weight, shoot dry weight and mycorrhizal colonization at
 
that time.  One growing season after transplant (November
 
3, 1989), seedlings were harvested and final height and
 
root collar diameter were recorded.
 Stems and roots not
 
subsampled for IAA analysis were dried at 100 C for 72 h
 
and their weights determined.
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Growth was measured by the procedures described by
 
Hunt (1982) and Ledig (1976).  Relative growth rate (RGR)
 
was determined as previously described in Chapter 2.
 
Mycorrhiza formation was determined as described in
 
Chapter 2.  Reisolations of the mycorrhizal fungi were
 
performed on seedlings selected for IAA analysis.
 
IAA Analysis
 
Samples for IAA analysis were taken from 5
 
experimental seedlings per conifer species X mycorrhizal
 
fungus combination.  Immediately after harvesting, samples
 
were immersed in liquid nitrogen and stored at -20 C until
 
extraction.  Extraction was performed using a modified
 
method of Cohen et al. (1987) and Miller (1990), as
 
described in Chapter 2.  Primary root tips were sampled
 
for endogenous IAA contents immediately after cold storage
 
(May 1989) and 6 months after transplant (November 1989).
 
Experimental Design and Statistical Analyses
 
Each of the two tree species inoculated separately
 
with six mycorrhizal fungal isolates were replicated 30 (2
 
blocks of 15) times in the following randomized block
 
design:
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MODEL = Block(2) + Isolate(7) + error.
 
In the field, blocks were represented by rows for a total
 
of 210 trees per species for this experiment.  Means were
 
analysed by tree species for differences by a one-way
 
Analysis of Variance (ANOVA) using the SYSTAT (Wilkinson
 
1988) statistical package.  If differences were detected
 
(p<0.05), means were compared using Fischer's Protected
 
LSD test.  Fungal species was not used as a blocking
 
factor for this analysis.
 
EXPERIMENT 2: MORPHOLOGICAL AND BIOCHEMICAL RESPONSES OF
 
CONTAINER GROWN CONIFERS ON AN OUTPLANTING SITE AFTER
 
INOCULATION WITH MYCORRHIZAL FUNGI CAPABLE OF DIFFERENTIAL
 
IX VITRO PLANT GROWTH REGULATOR PRODUCTION.
 
Seedling Attributes and Culture
 
Nursery grown Interior Douglas-fir (PSME-I) and
 
Ponderosa Pine (Pious ponderosa Doug.) (PIPO) were used in
 
this study.  Seedlings were inoculated 2 weeks after
 
seeding (April 7, 1988) by injecting inoculum into the
 
growth medium in styroblock containers.  Further cultural
 
treatments (including water and nutrient supplements) were
 
the same as for nursery production styroblock stock.
 
After final lifting and cold storage, seedlings were
 
planted (March 15, 1989) on the Boston Bar test site
 
described in chapter 4.
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Isolate Selection and Inoculation
 
The mycorrhizal fungi used in this study and their
 
plant growth regulator production characteristics are
 
given in Table 2-1 (Chapter 2).  Fungal isolates were
 
selected based on their host origin and consistancy of in
 
vitro PGR production (see Chapter 2).  Fungi for
 
inoculation were grown and inoculations were made as
 
previously described (in Experiment 1, this chapter).
 
Morphological Data and Mycorrhizal Colonization
 
To establish initial differences between inoculation
 
treatments, height and root collar diameter of lifted
 
seedlings were measured after cold storage (March 15,
 
1989).  Representative trees (sample size of 5 plants per
 
species X isolate combination for a total of 60 seedlings
 
plus 10 non-inoculated controls) were also sampled for
 
root dry weight, shoot dry weight and mycorrhizae at that
 
time.  One growing season after transplant (November 7,
 
1989), seedlings were harvested and final height and root
 
collar diameter were recorded.  Stems and roots not
 
subsampled for IAA analysis were dried at 100 C for 72 h
 
and their weight determined.
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When taking morphological measurements, if the
 
terminal was grazed or broken, length of the longest
 
lateral branch was recorded.  If damage occurred early in
 
the season, a dominant lateral was generally obvious.
 
However, late season damage necessitated measuring
 
laterals with no clear dominance.  Although these later
 
values were generally smaller than average for the
 
remaining seedlings in the treatment, they were retained
 
in the data set.
 
Growth was measured by the procedures described by
 
Hunt (1982).  Relative growth rate (RGR) was determined as
 
previously described (see Chapter 2).
 
Level of mycorrhizae formation was determined as
 
previously described.  Representative mycorrhizal roots
 
from plants selected for IAA analysis were examined for
 
Hartig net development and reisolations of the mycorrhizal
 
fungi were performed after one nursery growing season
 
(March 1989) and at the end of one field season (November
 
1989).
 
IAA Analysis
 
Root growth assessment was performed after cold
 
storage and after one year of growth in the field as
 
described in experiment 1 (this chapter). Samples for IAA
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analysis were taken from five experimental seedlings per
 
tree species-fungal isolate inoculation combination (60 +
 
10 control seedlings).  Immediately after harvesting,
 
samples were immersed in liquid nitrogen and stored at -20
 
C until extraction.  Extraction was performed using a
 
modified method of Cohen et al. (1987) and Miller (1990),
 
as described previously.
 
Experimental Design and Analysis
 
Twenty-five replicates of the two tree species (PSME,
 
PIPO), each colonized by one of six mycorrhizal fungus
 
isolates (HI, HE, MI, ME, LI, LE + control) were planted
 
in a completely randomized design.  Data was analysed for
 
each tree species using the following model:
 
MODEL = treatment + error.
 
Treatments are each of the 6 mycorrhizal isolates and the
 
non-inoculated control (for a total of 7 treatments).
 
Trees were planted in rows for each treatment, for a total
 
of 175 trees per species.  Data were analysed by tree
 
species as a one-way ANOVA using SYSTAT statistical
 
package (Wilkinson 1987).  Where significant differences
 
were detected (p<0.05), means were separated using
 
Fischer's Protected Least Significant Difference (FPLSD)
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test.  Fungal isolates were not used as blocking factors
 
for this analysis.
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RESULTS
 
EXPERIMENT 1
 
Morphological responses of seedlings to inoculation
 
after one nursery growing season (May 1989) and 6 months
 
after transplant (November 1989) are given in Appendix
 
Tables A-8, A-9 and A-10.  Seedling height of Douglas-fir
 
was significantly increased only by the HE isolate after
 
one nursery growing season (Figure 3-1).  One year after
 
transplant, however, the height of all inoculated Douglas-

fir seedlings was greater than control plants, the most
 
responsive being to inoculation with HE and ME isolates.
 
Lodgepole Pine height growth after one nursery growing
 
season was increased only by inoculation with fungal
 
isolates ME and LE.  One year after transplant, however, a
 
pattern similar to that of Douglas-fir was seen, ie.
 
Lodgepole Pine seedlings inoculated with all isolates
 
(except LI) had greater height than control seedlings.
 
Shoot dry weight of Douglas-fir seedlings after one
 
nursery growing season was only increased by inoculation
 
with either of isolates HE or ME (Figure 3-1).  By one
 
year after transplant, only seedlings inoculated with HI,
 
HE and MI isolates showed greater shoot dry weight than
 
control seedlings.  On the other hand, Lodgepole Pine
 
seedlings inoculated with isolates characterized as to
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their IAA production (HI, MI, LI - the same Laccaria
 
laccata isolates used on Douglas-fir) all had greater
 
shoot dry weight after one year in the nursery.  However,
 
one year after transplant these differences were not
 
present and only seedlings inoculated with ME and LE
 
isolates showed significantly greater shoot dry weight
 
compared with controls.  Lodgepole Pine seedlings
 
inoculated with HI, MI and LI isolates also had 41%
 
greater candling than other seedlings.
 
In general, Douglas-fir and Lodgepole Pine root
 
collar diameters after one year in the production nursery
 
were largest on seedlings inoculated with isolates
 
characterized by their in vitro ethylene production
 
(Figure 3-2).  One year after transplant all seedlings
 
inoculated with mycorrhizal fungi had larger root collar
 
diameters than controls except Douglas-fir seedlings
 
inoculated with the MI and LI isolates.
 
Root dry weights of Lodgepole Pine and Douglas-fir
 
after one year in the nursery showed trends similar to
 
root collar diameter (Figure 3-2), with the exception of
 
HI-inoculated Lodgepole Pine seedlings that also had
 
greater root dry weight than controls.  One year after
 
transplant, however, all mycorrhizal fungus-inoculated
 
seedlings had greater root dry weight than controls,
 
except Douglas-fir seedlings inoculated isolate LI.
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Extent of mycorrhizal fungal colonization of
 
experimental seedlings was isolate dependant (Figure 3-3).
 
Control seedlings of Douglas-fir and Lodgepole Pine had a
 
background colonization of Thelephora terrestris before
 
transplant which was almost gone one year after
 
transplant.
 
Root:shoot ratios of Douglas-fir and Lodgepole Pine
 
seedlings after one year in the nursery were only
 
significantly greater than control seedlings when
 
inoculated with isolates ME and LE (Figure 3-2).  One year
 
after transplant, root:shoot ratio was significantly
 
increased on Douglas-fir seedlings inoculated with all
 
ethylene isolates.  Lodgepole Pine root:shoot ratios one
 
year after transplant were greatest on seedlings
 
inoculated with all isolates except ME and LE.
 
Diameter growth rate of both Douglas-fir was
 
significantly increased by inoculation with all isolates
 
when compared to the controls (Figure 3-4), while height
 
growth rate of Douglas-fir was increased only by isolate
 
HE (Figure 3-4). For Lodgepole Pine all isolates except HE
 
and LE increased diameter growth rate, and nearly all
 
isolates increased height growth rate compared to the
 
controls.
 
IAA contents of Douglas-fir and Lodgepole Pine
 
seedling roots pre-cold storage and one year after
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transplant are given in Appendix Table A-11.  Free IAA
 
contents of roots of Douglas-fir seedlings, pre-cold
 
storage and one year after transplant, were increased by
 
inoculation with HE,ME,HI and MI isolates (Figure 3-5).
 
IAA conjugates (ester) in Douglas-fir roots were greater
 
in seedlings colonized by all isolates except LE and LI
 
after one nursery growing season, and except ME one year
 
after transplant.  Free IAA content of Lodgepole Pine
 
roots was increased by inoculation with most mycorrhizal
 
fungal isolates (except LE) at both sampling times (Figure
 
3-5). IAA conjugates were increased by all isolates except
 
LE and LI post-cold storage, and except ME one year after
 
transplant.
 
Correlations between in vitro PGR production, IAA
 
content of roots, and morphological characteristics of
 
Douglas-fir and Lodgepole Pine are given in Table 3-2.  In
 
general, in vitro ethylene production levels of
 
mycorrhizal fungi were significantly correlated to more
 
morphological features than with in vitro IAA production,
 
for both Douglas-fir and Lodgepole Pine seedlings.
 
Although in vitro IAA production was significantly
 
correlated to IAA content of Douglas-fir roots, in vitro
 
ethylene production by fungi showed a better correlation
 
to root IAA content in Lodgepole Pine.  IAA content of
 
Douglas-fir roots was poorly correlated with most
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morphological features measured. IAA content of Lodgepole
 
Pine roots was not only significantly correlated to in
 
vitro ethylene production, but also height growth rate,
 
and mycorrhizae colonization level.
 
EXPERIMENT 2 
Morphological responses, mycorrhizal colonization and
 
endogenous root IAA contents of Douglas-fir and Ponderosa
 
Pine trees are given in Appendix Tables A-61, A-62 and A­
63.  One year after inoculation, only Douglas-fir trees
 
inoculated with isolates ME, LI and LE showed any
 
significantly greater total height, shoot dry weight and
 
root collar diameter when compared to control trees
 
(Figure 3-6).  Root:shoot ratio was significantly greater
 
on trees inoculated with isolates HI, HE and MI (Figure 3­
6).  Root dry weight of was greatest in trees inoculated
 
with isolates HE, MI and LI.
 
One year after inoculation, Ponderosa pine total
 
height, shoot dry weight, root collar diameter, root dry
 
weight and root:shoot ratios were all significantly
 
greater than control trees when inoculated with isolates
 
ME, LI and LE (Figure 3-6).  Isolate HE also signficantly
 
increased total height, shoot dry weight and root dry
 
weight of Ponderosa pine (Figure 3-7).  Inoculation with
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isolate HI only increased shoot dry weight and root dry
 
weight of Ponderosa pine(Figure 3-6).
 
Two years after inoculation (1 year after transplant)
 
all inoculated Douglas-fir trees had greater total height
 
than control trees, and all inoculated trees (exept LI
 
inoculated) had greater root collar diameter than control
 
trees (Figure 3-6).  Root dry weight was greatest in trees
 
inoculated with isolates HI, HE and MI (Figure 3-6).
 
Ponderosa pine morphological response to inoculation was
 
more variable, with total height being greatest in HI, HE
 
and MI inoculated trees, shoot dry weight in HI and MI
 
inoculated trees, and root dry weight in HE, ME and LE
 
inoculated trees (Figure 3-6).  Root:shoot ratios were
 
consistently higher in ME, LI and LE inoculated trees than
 
control trees (Figure 3-6).
 
One year after inoculation, mycorrhizal colonization
 
was significantly greater for all inoculated Douglas-fir
 
and Ponderosa pine trees than control trees (Figures 3-6
 
and 3-7).  Two years after inoculation, mycorrhizal
 
colonization of Douglas-fir by isolates MI and LI, and
 
Ponderosa pine inoculated by isolates HE and LI was not
 
signficantly greater than control trees (Figure 3-6 and 3­
7).
 
Although no particular pattern was evident, greater
 
than 50% of inoculated Douglas-fir and Ponderosa pine
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trees had significantly greater endogenous IAA contents in
 
roots when compared to non-inoculated trees (Appendix
 
Table A-63).  Both one year and two years after
 
inoculation, all HI and MI inoculated Douglas-fir and
 
Ponderosa pine trees had endogenous IAA (free and ester
 
conjugates) levels in roots that were greater than in
 
control trees (Appendix Table A-63).
 
Correlations between in vitro PGR production,
 
endogenous IAA contents in roots and morphological
 
responses of Douglas-fir trees are given in Table 3-3.  In
 
vitro IAA production by mycorrhizal fungi was
 
significantly (p=0.01) correlated to total height,
 
mycorrhizal colonization and endogenous root IAA (free
 
IAA) two years after inoculation, and endogenous root IAA
 
(ester conjugates) both one and two years after
 
inoculation.  In vitro ethylene production was
 
significantly (p=0.01) correlated to total height, shoot
 
dry weight and root:shoot ratio one year after
 
inoculation.  Two years after inoculation root:shoot
 
ratio, root collar diameter and root dry weight of
 
Douglas-fir were significantly (p=0.01) correlated to in
 
vitro ethylene production capacity.  Endogenous root IAA
 
(Free IAA) of Douglas-fir was significantly (p=0.01)
 
correlated to several morphological features and
 
mycorrhizal colonization (Table 3-3).
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Correlations between in vitro PGR production,
 
endogenous IAA contents in roots and morphological
 
responses of Ponderosa pine trees are given in Table 3-4.
 
In vitro IAA production by mycorrhizal fungal isolates was
 
significantly (p=0.01) correlated to total height, shoot
 
dry weight, mycorrhizal colonization and endogenous root
 
IAA (free IAA) two years after inoculation of Ponderosa
 
pine.  In vitro ethylene production capacity was
 
significantly (p=0.01) correlated only to total height,
 
shoot dry weight, and root collar diameter two years after
 
inoculation.  Endogenous root IAA (free IAA) of Ponderosa
 
pine trees was significantly (p=0.01) correlated to total
 
height one year after inoculation and shoot dry weight two
 
years after inoculation.  Endogenous root IAA (free IAA)
 
two years after inoculation was significantly (p=0.01)
 
correlated to total height, shoot dry weight, root dry
 
weight and mycorrhizal colonization of Ponderosa pine
 
(Table 3-4).
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DISCUSSION
 
Survival of conifer seedlings planted into
 
reforestation sites, many of which are covered with
 
extensive litter and debris or are bare or dry with
 
degraded soil, is often poor.  The window of opportunity
 
for outplanted seedlings to become established in many of
 
the clear-cut sites in western North America may be very
 
narrow, ranging from the time snow melts enough for the
 
site to become accessible, to the time when the soil is
 
too hot and dry to support initial seedling growth.  For
 
many sites, that window is four to eight weeks.  To
 
survive, outplanted seedlings must generate new roots that
 
grow into the soil in order to acquire water and
 
nutrients.  Seedlings that fail to generate roots within
 
that time frame usually die.  With some of the harsh,
 
hard-to-regenerate sites, mortality of outplanted
 
seedlings is very high because seedling quality was low.
 
Seedlings with high root growth capacity are considered to
 
be of high quality.
 
It is generally not known exactly what physiological
 
factors most contribute to high seedling quality (i.e.
 
high root growth capacity).  It is accepted, however, that
 
root growth is primarily influenced by endogenous auxin
 
(IAA), and that endogenous IAA content in roots can be
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influenced by many environmental, chemical and biological
 
factors.  Ectomycorrhizal fungi are known to produce plant
 
growth regulators in vitro (Rudawska 1982; Gay 1986;
 
Frankenberger and Poth 1987), including IAA and ethylene,
 
and to influence the morphological changes in
 
ectomycorrhiza formation and root growth capacity of
 
conifers (Slankis 1950; Gogala 1991).  The overall
 
hypothesis of this study was that the in vitro production
 
of IAA or ethylene by ectomycorrhizal fungi on conifer
 
seedlings influences the endogenous IAA content of roots,
 
and that increased levels of root IAA would cause an
 
increase in root growth resulting in improved seedling
 
growth and survival.  In chapter 2, the production
 
capacity for different fungi was characterized, and the
 
above hypothesis was tested on young inoculated seedling
 
in the greenhouse.  In this chapter, it was tested on
 
inoculated seedlings outplanted into a nursery site or a
 
harsh, outplanting site.  Seedlings were evaluated for
 
endogenous root IAA content after a complete growth period
 
in the production nursery and subsequent cold storage, and
 
again one growing season later, after outplanting.
 
The first phase of the study clearly indicated that
 
mycorrhizal fungal inoculation significantly increased the
 
level of endogenous IAA (both free and conjugate forms) in
 
seedling roots.  These results, although similar to those
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of Mitchell (1984), indicated a 10 fold greater amount of
 
IAA than was shown by Wallander (1992).  These differences
 
could be due to differences in fungi and conifer species,
 
seedling age, soil microbiological and nutritional
 
conditions, as well as time of year.  In this study, IAA
 
conjugates in roots of pine appeared to be significantly
 
greater when sampled in the fall than in the spring.  This
 
result supports the concept of IAA conjugates playing a
 
storage role for IAA in plant tissues.
 
Differences in the capacity to produce plant growth
 
regulators by different mycorrhizal fungi, as reported by
 
Gay and Debaud (1987) and Ho (1987a,b) could explain the
 
different effects exerted by different isolates of
 
mycorrhizal fungi grown on host plants.  Although results
 
obtained varied with tree species, there was a high
 
correlation between IAA content of roots and in vitro
 
production capacity of either IAA or ethylene, depending
 
on host tree species.  Of course, it is not known whether
 
the host or fungal symbiont was the source of the
 
increased IAA content.  The results clearly indicate,
 
however, that fungi with a capacity to produce ethylene,
 
induced increases in root IAA, a phenomenon not previously
 
reported.  However, the ethylene-producing fungi used here
 
were also IAA producers, so no conclusion about the source
 
of IAA in the roots can be reached.  Furthermore, fungi
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with differential capacity for in vitro ethylene
 
production were equally effective in inducing increased
 
root IAA.  These results indicate that the portion of the
 
hypothesis that high ethylene producers would induce more
 
endogenous IAA in roots than low producers was not
 
validated.  The results do suggest, however, that even low
 
ethylene producers can induce increased IAA in roots.
 
There was no way in this study to determine how much
 
ethylene or IAA any of these fungi actually produced in
 
the symbioses.
 
The study clearly indicated that growth benefit of
 
inoculation of seedlings of Douglas-fir and both Lodgepole
 
and Ponderosa Pines with mycorrhizal fungi, as have been
 
shown by others (Theodorou and Bowen 1970; Le Tacon and
 
Bouchard 1986; Stenstrom et al. 1990; and others), and
 
that different fungi had different capacities to affect
 
growth on outplanted seedlings (Harley and Smith 1983;
 
Stenstrom and Ek 1990; Stenstrom et al. 1990).  Other
 
researchers have sometimes reported neutral or negative
 
responses to inoculation (Molina and Chamard 1983; Bledsoe
 
et al. 1982; Harley and Smith 1983), although frequently
 
these effects disappear after outplanting.  In the first
 
experiment where seedlings were planted into the nursery
 
site, the greatest growth effects from mycorrhizal fungus
 
inoculation occurred during the year after transplant as
 164 
compared to the production year in the nursery.  The
 
seedlings were in containers during the production year
 
where few differences occurred in height of inoculated and
 
non-inoculated seedlings, although there were differences
 
in shoot weight, root collar diameter, and root dry weight
 
of seedlings inoculated with some fungi and not others.
 
Presumably these differences are due to the greater
 
environmental and nutritional stresses in the field than
 
in the nursery, as well as the differences in root
 
restriction imposed by the container.  In the second
 
experiment, however, there were growth differences between
 
inoculated and non-inoculated seedlings after the
 
production year, although differences were tree species-

fungal symbiont dependent.  Douglas-fir grown in the two
 
experiments reacted differently to inoculation with the
 
same fungi possibly as a result of differences in
 
production nursery conditions or seed source.
 
It was apparent from the measurements of growth
 
parameters on mycorrhizal vs. non-mycorrhizal seedlings
 
that mycorrhizae had greately affected the allocation of
 
carbon from photosynthesis.  This was especially apparent
 
in root:shoot ratio determinations.  While most of the
 
fungi caused an increase in root:shoot ratio, some did
 
not.  Others have shown such differential partitioning
 
effects from inoculation with different mycorrhizal fungi
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relative to carbon partitioning from needles in relation
 
to drought tolerance (Dosskey et al. 1992) The mechanisms
 
of hormonal control of partitioning is unknown, but these
 
data suggest involvement of hormones produced by or
 
induced by some specific ectomycorrhizal fungi, possibly
 
IAA and/or ethylene.
 
Studies by Slankis (1950) showed that auxins are
 
necessary for the formation of mycorrhizal structures.
 
And not only can mycorrhizal fungi to produce plant growth
 
regulators, but it is assumed that these hormones of
 
fungal origin may take part in both the formation and
 
functioning of the mycorrhizae (Gogala 1991). The
 
conditions present in the production nursery were
 
conducive for forming ectomycorrhizae as indicated by the
 
colonization levels after the production year.  However,
 
some fungi formed even few mycorrhizae than the controls
 
which were colonized by Thelephora terrestris.  Either the
 
inoculum of those fungi was ineffective or the growth
 
conditions were not conducive for formation.  Colonization
 
appeared, in several cases to be correlated with the in
 
vitro IAA or ethylene production capacity of the fungi,
 
and the IAA content of the roots.  Although this indicates
 
there may be a relationship between relative capacity for
 
IAA or ethylene production and formation of mycorrhizae
 
the results are not definitive.
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In this study, seedlings outplanted into either the
 
nursery site or the harsh field site all survived, so no
 
indication of effects of survival were possible.  Many
 
growth parameters measured, however, were significantly
 
correlated with mycorrhizal inoculation and endogenous
 
root IAA content, especially in the field site.  These
 
results partially support the hypothesis that mycorrhizal
 
fungi capable of stimulating increases in root IAA can
 
affect growth of roots and shoots at outplanting.  The
 
effects would have been more dramatic, presumably, if site
 
or planting conditions allowed for higher mortality.  The
 
survival of seedlings in these experiments was not
 
indicative of survival in commercial plantings adjacent to
 
the experimental field site where mortality was high.
 
Presumably, differences in stock and seedling handling
 
could have resulted in this variation in survival in this
 
locality.
 
Overall, the results of these studies show that there
 
is some linkage between in vitro production of the growth
 
regulators IAA and ethylene by ectomycorrhizal fungi and
 
changes in the IAA content of roots in symbiosis.  Whether
 
these changes in IAA content are in turn responsible for
 
increased root growth resulting in creased overall
 
seedling growth and survival cannot be absolutely proven.
 
The data here do not suggest accepting the hypothesis that
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in vitro plant growth regulator production by mycorrhizal
 
fungi increases endogenous root IAA, root growth and
 
seedling survival of conifer seedlings.  However,
 
rejection of this hypothesis is also not supported.  The
 
results here indicate the hypothesis could be true, but
 
difficult to prove given the differences in tree species
 
physiology and varied environmental conditions that
 
prevailed during the experiment.
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FIGURE 3-1:  Total height and shoot dry weight of Douglas-

fir and Lodgepole Pine seedlings two growing seasons after
 
mycorrhizal fungus inoculation (see Appendix Tables A-8
 
and A-9).  Bars within the same year labelled by the same
 
letter are not significantly different. Fungal codes from
 
Table 2-1.  Year 1=May 1989, Year 2=November 1989.
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FIGURE 3-2: Root collar diameter and root dry weight of
 
Douglas-fir and Lodgepole pine seedlings 2  seasons after
 
mycorrhizal fungus inoculation (see Appendix Table A-8 and
 
A-9). Fungal codes from Table 2-1.  Year 1=May 1989, Year
 
2=November 1989.
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after mycorrhizal fungus inoculation (see Appendix Table
 
A-8 and A-9). Fungal codes from Table 2-1.  Year 1=May
 
1989, Year 2=November 1989.
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Fungal codes from Table 2-1.
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FIGURE 3-5: Root IAA content (free and ester conjugate

forms) of Douglas-fir and Lodgepole Pine seedlings 2

growing seasons after mycorrhizal fungus inoculation (see

Appendix Table A-11). Fungal codes from Table 2-1. Year
 
1=May 1989, Year 2=November 1989.
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FIGURE 3-6:
  Morphological attributes of Douglas-fir trees

one year after inoculation
  and 1 year after outplanting

(two growing seasons after
  inoculation)(see Appendix

Tables A-61,A-62 and A-63)  .
  Fungal codes from Table 2-1.
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FIGURE 3-7:  Morphological attributes of Ponderosa Pine
 
trees one year after inoculation (March 1989) and one year

after outplanting (November 1989)  (two growing seasons
 
after inoculation)(see Appendix Table A-61, A-62, A-63).
 
Fungal codes from Table 2-1.
 175 
1.5  2.0  2.5  3.0 
ME  12A4__H  HI
0.8 
HE
 
0.6 
0.4	  DOUGLAS-FIR 
i(year 1)
0.2
 
DOUGLAS-FIR
 0.4 
(year 2)	 
LE 
0.3 
HI 
0.2 
0.1 
2  3 4  5 
ROOT IAA CONJUGATE CONTENT (ug/g dw) 
HI  LODGEPOLE PINE 
1.2	  (year 1) 
MI 
1.0	  HE 
0.8 
ME 
I 
LODGEPOLE PINE  il 
0.4  (year 2) 
0.3  !MI	  ME ME 
LE 
0.2 
0.1 
4  5 6  7  8 9 10 
ROOT IAA CONJUGATE CONTENT (ug/g dw) 
Figure 3-8: Root IAA content (free and ester conjugates of
 
Douglas-fir and Lodgepole PIne seedlings one year after
 
inoculationand one year after outplanting (see Appendix
 
Table A-61, A-62 and A-63). Fungal codes from Table 2-1.
 
Year 1=March 1989, Year 2 = November 1989.
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TABLE 3-1: Experimental mycorrhizal fungal isolates and
 
their relative in vitro IAA and ethylene production
 
capacity (see Chapter 2).
 
FUNGAL 
ISOLATE 
TREE SPECIES  IN VITRO IAA 
PRODUCTION 
IN VITRO 
=MINE 
DESIGNATOR 
PRODUCTION 
L1-7  PSNE-I,PICO  6.56  0.02  LI 
L1-11  PSNA-I,PICO  58.04  0.37  RI 
L1-19  PSNK-I,PICO  22.89  0.39  MI 
Rv-5  PSNE-I  65.78  0.01  LE 
Rv -7  PSNE-I  1.25  1.10  RE 
Rv-8  PSNIC-I  5.43  0.34  NE 
81-3  PICO  3.19  0.64  RE 
81-2  PICO  8.45  0.00  LE 
81-1  PICO  0.51  0.43  NI TABLE 3-2:Pearson Correlation Coefficients (p=0.01) between in vitro plant growth
 
regulator production,IAA content of roots, and inoculation responses to mycorrhizal
 
colonization in Douglas-fir and Lodgepole Pine (Year 1=May 1989, Year 2=November 1989).
 
INOCULATION RESPONSE  DOUGLAS-FIR  LODGEPOLE PINE 
IN VITRO  IN VITRO IAA  IN VITRO  IN VITRO IAA  IAA CONTENT OF 
ETHYLENE  PRODUCTION  ETHYLENE  PRODUCTION  ROOTS 
PRODUCTION  PRODUCTION 
HEIGHT (year 1)  0.84  ns  ns
  ns  ns
 
HEIGHT (year 2)  0.70  ns  0.53  ns  ns
 
SHOOT WEIGHT (year 1)  0.71  ns  ns  ns  ns
 
SHOOT WEIGHT (year 2)  0.83
  0.69  ns  0.68  ns
 
DIAMETER (year 2)  0.79  0.67  0.83  ns  ns
 
ROOT WEIGHT (year 1)  ns  ns  0.69  no  ns
 
ROOT WEIGHT (year 2)  0.82  ns  ns
  ns  ns
 
ROOT/SHOOT (year 1)  ns  0.67
  -0.71  0.64  ns
 
ROOT/SHOOT (year 2)  0.57  0.65
  ne  -0.77  ns
 
HEIGHT GROWTH RATE  ns
  ms  0.84  ns  0.51
 
DIAMETER GROWTH RATE  ns  ns
  ns  0.56  ns
 
COLONIZATION (year 1)  0.84  ns  ns
  0.65  0.61
 
COLONIZATION (year 2)  0.78  ns
  ns  0.72  0.77
 
IAA CONTENT OF ROOTS  ns  0.41
  0.81  ns  ­
(year 1)
 
IAA CONTENT OF ROOTS  ns  ns
  0.66  ns  ­
(year 2)
 TABLE 3-3: Correlations between in vitro plant growth regulator production,  endogenous
 
IAA concentrations of roots, and morphological features of Douglas-fir (*p=0.01). One
 
year (March 1989) and 2 growing seasons (November 1989) after inoculation.
 
MORPHOLOGICAL  IN VITRO IAA  IN VITRO
  MARCH 1989  NOVEMBER 1989
 
CHARACTERISTIC  PRODUCTION  ETHYLENE 
PRODUCTION  FREE IAA  ESTER  FREE IAA  ESTER 
CONJUGATES  CONJUGATES 
HEIGHT (03/89)  0.174  0.475*  0.162  0.024  -
HEIGHT (11/89)  0.693*  0.083  0.573*  0.733*  0.817*  0.484 
SHOOT WEIGHT (03/89)  0.141  0.522*  0.485*  - 0.258  -
SHOOT WEIGHT (11/89)  0.432  0.259  0.793*  0.162  0.567*  0.371 
ROOT-SHOOT RATIO  0.172  0.543*  0.552*  - 0.518*  -
(03/89) 
ROOT-SHOOT RATIO  0.002  0.848*  0.539*  0.128  0.288  0.251 
(11/89) 
DIAMETER 03/89)  0.043  0.153  0.009  - 0.089  -
DIAMETER (11/89)  0.407  0.566  0.866*  0.251  0.415  0.336 
ROOT  WEIGHT (03/89)  0.336  0.448  0.191  - 0.084  -
ROOT  WEIGHT (11/89)  0.055  0.829*  0.668*  0.117  0.352  0.254 
FREE IAA (03/89)  0.433  0.410  - - -
FREE IAA (11/89)  0.839*  0.326  0.302  0.622*  - -
ESTER CONJUGATES  0.739*  0.087  - - .  -
(03/89) 
ESTER CONJUGATES  0.637*  0.157  0.172  0.486*  0.486*  -
(11/89) 
MYCORRHIZAL  0.517*  0.334  0.671*  - 0.732*  -
COLONZATION TABLE 3-4: Correlations between in vitro PGR production,  endogenous IAA concentrations

of roots, and morphological features of Ponderosa Pine  (*p=0.01). One year (March

1989)and 2 growing seasons (November 1989) after inoculation.
 
MORPHOLOGICAL  IN VITRO IAA  IN VITRO
  MARCH 1989  NOVEMBER 1989
 
CHARACTERISTIC  PRODUCTION  ETHYLENE 
PRODUCTION  FREE IAA  ESTER  FREE IAA  ESTER 
CONJUGATES  CONJUGATES 
HEIGHT (03/89)  0.317  0.108  0.146  - 0.337  -
HEIGHT (11/89)  0.639*  0.681*  0.751*  0.120  0.651*  0.046 
SHOOT WEIGHT (03/89)  0.288  0.572*  0.258  - 0.609*  -
SHOOT WEIGHT (11/89)  0.751*  0.652*  0.795*  0.613*  0.648*  0.087 
ROOT-SHOOT RATIO  0.331  0.475  0.129  - 0.054  -
(03/89) 
ROOT-SHOOT RATIO  0.622*  0.437  0.489  0.347  0.069  0.119 
(11/89) 
DIAMETER (03/89)  0.232  0.150  0.228  - 0.034  -
DIAMETER (11/89)  0.393  0.755*  0.210  0.614*  0.045  0.503* 
ROOT WEIGHT (03/89)  0.382  0.338  0.275  - 0.117  -
ROOT WEIGHT (11/89)  0.024  0.107  0.219  0.187  0.559*  0.020 
FREE IAA (03/89)  0.815*  0.410  - - - -
FREE IAA (11/89)  0.676*  0.327  0.302  0.628*  - -
ESTER CONJUGATES  0.179  0.087  - - - -
(03/89) 
ESTER CONJUGATES  0.339  0.157  0.172  - 0.486*  -
(11/89) 
MYCORRHIZAL  0.565*  0.412  0.737*  - 0.547*  -
COLONZATION 180 
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CHAPTER 4
 
EFFECTS OF POST-LIFTING APPLICATION OF PLANT GROWTH
 
REGULATORS ON ENDOGENOUS IAA CONTENT OF ROOTS AND GROWTH
 
RESPONSES OF CONIFER SEEDLINGS
 
ABSTRACT
 
Tree seedling outplanting survival is partially a
 
function of a tree's capacity to produce new roots, and
 
endogenous plant growth regulator (PGR) substances are
 
known to mediate root growth and development.  Experiments
 
were conducted to determine the potential to modify
 
endogenous IAA in roots, and thereby modify root growth
 
responses, by root application of PGR materials such as
 
IBA, NAA, and ethylene (or materials containing them
 
singly or in combination), or moisture retaining materials
 
such as Alginate.
 
In the first experiment, seedlings grown in bareroot
 
or container nurseries were treated after lifting or pre-

planting with potential root-promoting materials, planted
 
into greenhouse nursery beds, grown for four months, and
 
evaluated for responses to the treatments by measuring
 
growth parameters and endogenous IAA content in roots.
 
Growth responses of the different conifers  (Douglas-fir,
 
Englemann Spruce, Lodgepole Pine, and Western Larch)
 
varied with tree species and treatment,  but treatment
 188 
materials generally stimulated root growth.  Englemann
 
Spruce responded more to treatments than the other tree
 
species.  Free IAA in roots was significantly higher in
 
most IBA-and Hormogel (IBA+NAA)-treated seedlings, but
 
correlations between IAA contents in roots and
 
morphological responses were variable.
 
In the second and third experiments, bareroot or
 
container-grown seedlings were treated with IBA, ethylene,
 
Hormogel, or Alginate before or after cold storage and
 
outplanting in British Columbia.  Plant growth parameters
 
and endogenous IAA content of roots were measured at
 
planting and yearly for three years after planting.  As in
 
experiment 1, growth responses to treatments varied with
 
tree species.  Root growth and IAA content in roots were
 
increased by some treatments; however not all increases
 
were correlated with increased survival.
 
These results suggest that application of PGR or
 
other root-promoting materials to seedling roots prior to
 
transplant could increase root growth potential, which in
 
turn could increase seedling survival.  However, response
 
predictability is relatively low due to other uncontrolled
 
seedling and environmental variables.
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INTRODUCTION
 
Reforestation on warm, dry sites in the British
 
Columbian Interior and Coast-Interior transition has
 
proven difficult.  A short growing season and summer
 
drought conditions led to low plantation survival and thus
 
reduced site productivity (Scagel et al. 1992a).  Species
 
performance, planting technique, stock type, time of
 
planting and the severe environment of clearcuts
 
apparently all have been contributing factors.
 
Although reforestation success requires more than
 
just seedling survival, survival in these regions has been
 
unpredictable, and the immediate interest of foresters is
 
to improve survival rates.  Subsequent growth of surviving
 
seedlings appears to be acceptable except under severe
 
brush or frost conditions.  Planting of alternative
 
species or stock type combinations, or using methods to
 
stimulate root growth, may allow increased plantation
 
success and early growth.
 
One criterion used to determine quality of forest
 
tree seedlings is in the ability to initiate new roots
 
upon outplanting (Burdett 1984; Stone 1955).  When a
 
seedling is planted on a site, its survival is partially a
 
function of its ability to initiate new root growth (not
 
just quantity, but quality, type and speed).  Specific
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plant growth regulators are known to mediate root growth
 
and development (Moore 1987; Ross et al. 1983; Zaerr and
 
Lavender 1980).  Endogenous levels may be influenced by
 
plant metabolic condition (cold hardiness, handling
 
damage, dormancy), external physical environment (drought,
 
temperature), and exogenous sources of plant growth
 
regulators (rhizosphere microorganisms).  Two plant growth
 
regulator types, auxins and ethylene, are most frequently
 
implicated in the control of root growth.  Application of
 
commercially available rooting hormones (plant growth
 
regulators) is used to induce rooting of cuttings and
 
promote seedling growth in horticulture, and there is
 
potential for similar responses in forestry (Alvarez and
 
Linderman 1983; Kelly and Moser 1983; Selby and Seaby
 
1983; Simpson 1986; Zaerr 1967).  The use of PGRs is not
 
without experimental and operational precedent in coastal
 
and interior forestry in British Columbia.  Pendl and
 
D'Anjou (1978) reported five year results of a trial using
 
combinations of IBA, nicotinic acid and gibberellic acid.
 
Stimulating rapid root production is an important portion
 
of the reforestation of any site subject to moisture
 
deficits.
 
Soil moisture available for plant growth has a
 
significant impact on reforestation of dry sites.  If
 
sites can be planted early enough in the year, seedlings
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may not experience stress from moisture deficits.
 
However, later in the growing season, deficits may occur
 
that limit subsequent growth.  Irrigation to increase soil
 
moisture is not practical in forestry, but means of
 
increasing moisture retention may be worth pursuing.
 
Hydrophilic gels, particularly calcium alginate, retain
 
moisture which could aid in alleviating moisture deficits
 
in close proximity to roots of the newly planted seedling.
 
Studies have shown the effects of exogenous
 
application of plant growth regulators and hydrophilic
 
gels on root growth (Selby and Seaby 1982; Kelly and Moser
 
1983; Simpson 1986).  In spite of the potential these
 
treatments exhibit under controlled conditions, there have
 
been few outplanting trials to examine survival
 
consequences of these treatments under severe
 
environmental conditions.  It is clear that increased
 
ability to produce roots could result in enhanced survival
 
and stimulation of growth.  This hypothesis should be
 
tested to examine actual gain rather than potential gain.
 
Container-grown conifer seedlings tend to have higher
 
survival rates and better initial growth than bareroot
 
seedlings.  On some sites, however, even container-grown
 
seedlings have low survival (Scagel et al. 1992a,b; Scagel
 
and Evans 1992).  The benefits of large versus small root
 
system volumes on nursery stock planted on dry sites has
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long been debated.  Large root systems explore more soil
 
volume and increase the seedlings' root absorptive area,
 
but may make a higher carbon demand on the newly planted
 
seedling compared to a seedling with a smaller root
 
system.  Stock types with various root lengths and volumes
 
may differentially affect survival and subsequent seedling
 
growth.
 
Alterations of general morphological or genetic
 
(species) characteristics of planting stock may be all
 
that is required to achieve the desired reforestation of
 
notoriously difficult-to-regenerate sites.
 
Experimentation with different species and stock type
 
combinations may allow for enhance seedling growth as well
 
as plantation success.
 
Seedling growth and survival is thought to be
 
directly related to root growth after transplanting.  Root
 
growth is known to be mediated by concentrations and
 
ratios of plant growth regulating substances such as
 
auxins and ethylene.  The effects of exogenously added
 
auxins (natural or their synthetic analogs) on root
 
initiation and proliferation have been documented on tree
 
species (Selby and Seaby 1982; Ross et al., 1983; Simpson
 
1986) and certain reports have suggested similar roles for
 
ethylene (Graham and Linderman 1981; Rupp and Mudge 1985,
 
Stein and Fortin 1990).  Results have not indicated that
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plant growth regulators limit ectomycorrhizae.  Graham and
 
Linderman (1981) found that low levels of ethephon
 
stimulated formation of lateral roots but did not affect
 
the formation of ectomycorrhizae of Douglas-fir inoculated
 
with Hebeloma crustuliniforme (Bull.) Quel.  Similar
 
results were also obtained when Douglas-fir was inoculated
 
with Laccaria laccata or Pisolithus tinctorius (Rupp et
 
al. 1989).
 
Trewavas (1981, 1982) has proposed that sensitivity
 
of a tissue is important in the action of plant growth
 
substances.  The sensitivity hypothesis suggests that the
 
mechanisms of action for plant growth regulators (PGR) is
 
controlled by binding to receptors (R) (PGR + R = PGR-R =
 
biological response).  Although knowledge and
 
characterization of IAA receptors in plants is not
 
complete, evidence is accumulating that auxin receptor
 
proteins are present in plant cells (Rubery 1981).  Any
 
change in the level of receptor or the ability of a PGR to
 
bind to a receptor may affect the plant response to it.
 
The purpose of this study was to investigate how
 
forest tree seedling growth and survival may be influenced
 
by exogenous application of specific PGR materials at
 
different times during seedling production and handling.
 
Experiment 1 describes the morphological and endogenous
 
root IAA changes of nursery grown conifers treated with
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plant growth regulators.  Experiment 2 and 3 examines the
 
morpholgical and endogenous root IAA changes of PGR
 
treated conifers in field outplantings.  Potential methods
 
to modify endogenous IAA in roots of conifer seedlings by
 
exogenous application of PGR materials could result in
 
growth responses leading to increased survival.
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OBJECTIVES AND HYPOTHESES
 
The experimental objectives of this study were to
 
determine whether: (1) exogenous application of PGR
 
materials to conifer seedlings elicits endogenous changes
 
in root IAA levels, (2) exogenous application of PGR
 
materials and moisture retention gels to roots promotes
 
root growth and subsequent plantation survival and growth,
 
and (3) endogenous levels of IAA in roots could be
 
correlated with seedling growth and survival.
 
To fulfill these objectives the following hypotheses
 
were tested:
 
H1: Exogenous application of PGR substances (IAA,
 
ethylene, etc.) increases endogenous IAA concentrations in
 
roots.
 
16: Exogenous application of PGR substances increases root
 
growth at planting.
 
113: Changes in endogenous IAA concentrations in roots
 
influence root growth and seedling survival.
 
114: Changes in root growth are correlated with changes in
 
seedling growth and survival.
 
H5: Exogenous application of PGR substances increases
 
plantation survival and decreases plantation costs.
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MATERIALS AND METHODS
 
EXPERIMENT 1: EFFECTS OF PGR APPLICATION ON MORPHOLOGICAL
 
AND ENDOGENOUS AUXIN RESPONSES OF CONIFER SEEDLINGS UNDER
 
GREENHOUSE CONDITIONS.
 
Seedling Attributes and Culture
 
Nursery grown bare-root seedling stock of four tree
 
species Interior Douglas-fir (PSME-I) (Pseudotsuga
 
menzesii (Mirb.) Franco., Englemann Spruce (PIEN)(Picea
 
englemanni Parry), Western Larch (LAOC)(Larix occidentalis
 
Nutt.) and Lodgepole Pine (PICO)(Pinus contorts Dougi.)
 
were obtained from B.C. Ministry of Forests Nursery in
 
Surrey, B.C., Canada.  Bareroot trees (2+0) were taken
 
from cold storage, thawed, treated and planted in
 
pasteurized greenhouse soil mix in a raised bed.  Trees
 
were grown for 4 months under conditions of 20 C - 18 h
 
days, and 16 C - 6 h nights at the U.S.D.A.-H.C.R.L.,
 
Corvallis, OR.
 
Treatments
 
Before planting, seedling root systems were submerged
 
for 10 sec in one of the four treatments given in Table 4­
1, or used as non-treated controls.
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Morphological Parameters
 
Tree height and root collar diameter were measured at
 
planting and at harvest 4 months after treatment.  Stems
 
and roots not subsampled for IAA analysis were dried at
 
100 C for 72 h and their weight determined.
 
Growth was measured by the procedures described by
 
Hunt (1982).  Relative growth rate (RGR) (Ledig 1979) was
 
determined as previously described, in chapter 2, and
 
reported as percentage increases (%/time period).
 
IAA Analysis
 
Samples for IAA analysis were taken from 5
 
experimental seedlings per conifer species - treatment
 
combination (4 species X 5 treatments X 5 samples) 2 weeks
 
and 4 months after planting.  Immediately after harvest,
 
samples were immersed in liquid nitrogen and stored at -20
 
C in the dark.  All tissue was freeze dried prior to
 
extraction.  Extraction was performed using a modified
 
method of Cohen et al. (1987) and Miller (1990), as
 
previously described in chapter 2.
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Experimental Design and Statistical Analysis
 
For each of the four tree species (PSME-I, PIEN,
 
LAOC, PICO) the five treatments (control, alginate,
 
hormogel, ethrel and stimroot) were replicated 20 times in
 
two blocks (10/block) in the following randomized block
 
design (10 plants X 2 blocks X 5 treatments = 100 plants/
 
species)  :  MODEL = Treatment + Block + Error.
 
Means were analysed for differences within species by
 
a one-way Analysis of Variance (ANOVA) with blocking using
 
the SYSTAT (Wilkinson 1988) statistical package.  If
 
differences were detected (p<0.05), means were compared
 
using Fischer's Protected LSD (FPLSD) test.
 
EXPERIMENT 2:  EFFECTS OF PGR APPLICATION ON THE
 
MORPHOLOGICAL AND ENDOGENOUS AUXIN RESPONSES OF CONIFERS
 
PLANTED IN THE BRITISH COLUMBIAN INTERIOR
 
Study Location Description
 
A plantation was established between May 18 and May
 
21, 1988, in the Durrand Creek Area, approximately 8 miles
 
south of Savona, B.C.  This area is in a Montane Spruce
 
(MSc) classified biogeoclimatic zone at 1550 m.  Prior
 
plantation establishment attempts in this area resulted in
 
a 30-40% mortality.
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Planting Stock Attributes and Treatments
 
Attributes of Interior Douglas-fir (PSME-I),
 
Englemann Spruce (PIEN) and Lodgepole Pine (PICO) 1+0
 
container-grown Balco-Canfor nursery production seedling
 
stock used in this study are given in Table 4-2.
 
Seedlings were lifted at one of three times (Table 4-2),
 
then placed into -4 C cold storage after treatments.
 
Seedling treatments occurred either pre-cold storage
 
or post-cold storage (at time of planting).  Pre-cold
 
storage treatments (Table 4-3) were applied as root dips
 
to bunches of 5 seedlings before normal production
 
wrapping and packaging.  Post-cold storage treatments
 
(Table 4-3) were applied as root dips to bunches of 5
 
seedlings after unwrapping bundles of thawed seedlings in
 
the field before planting.  A comparison of estimated
 
costs till planting is given in Table 4-3.
 
Plot Layout and Data Collection
 
Start of each row was marked with wire flags
 
indicating the species, treatment and row number.  Trees
 
were planted at a 2 meter spacing with 2 meters between
 
rows.  First and last tree of each row were flagged as
 
well as every tenth tree along each row.  In each of the
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three blocks there was one row per species and treatment
 
combination and 50 trees per row.
 
At the time of planting, morphological measurements
 
(height, caliper) were obtained from a representative
 
sample of 50 nursery production stock seedlings for each
 
species.
 
An early plantation performance survey was done eight
 
weeks after planting (July 4, 1988).  At this time,
 
seedling survival and condition were recorded.
 
Fall survival and morphological data (height, leader
 
length, caliper) were taken on October 2, 1988, after
 
completion of one growing season.  First year survival was
 
measured on June 12, 1989.
 
Further growth and survival data was collected on
 
October 5-7, 1989 and November 1-3, 1990 after two and
 
three seasons of growth respectively.
 
When measuring height and increment on seedlings
 
where the terminal was grazed or broken, the length of the
 
longest lateral branch was recorded.  If grazing occurred
 
early in the season, a dominant lateral was generally
 
obvious.  However, late season damage necessitated
 
measuring laterals with no clear dominance.  Although
 
these later values were generally lower than the average
 
for the remaining seedlings in the treatment, they were
 
retained in the data set.
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Root Growth, Mycorrhizal Status and IAA Analysis
 
Samples for IAA analysis and root growth studies were
 
taken from five randomly selected experimental seedlings
 
per treatment-species combination at planting.  These
 
seedlings were planted in a greenhouse soil bed and
 
harvested after two weeks to assess root growth.  A
 
modified root growth potential rating was used to
 
determine the percentage of the root system initiating new
 
roots.  Root systems were visually divided into four
 
sections, and the percentage area with new roots estimated
 
for each section.  A ranking of 1 was given for 0-25% of
 
roots with new white root tips, 2 for 25-50%, 3 for 50-75%
 
and 4 for 75-100%.  Total root system ranking was
 
determined by averaging the four ratings of the root
 
subsections.  During this procedure, the percentage of
 
root tips colonized by mycorrhizal fungi was also
 
determined as described in chapter 2.
 
All root samples for IAA analysis were washed, frozen
 
in liquid nitrogen and stored at -20 C for future
 
analysis.
 
In the fall of 1988, after the first growing season,
 
3 randomly selected seedlings were harvested in each
 
treatment-species combination for IAA analysis, root
 
growth and mycorrhizal colonization assessment.  Root
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growth and mycorrhizal colonization were assessed using
 
the same rating system described previously.  Samples for
 
IAA determination were washed, frozen  and stored at -20 C
 
for future analysis.
 
Three random seedling samples were taken on July 27,
 
1989 to assess IAA content,root growth and mycorrhizal
 
colonization for each treatment-species combination.  Root
 
growth ratings, mycorrhizal colonization assessments and
 
tissue preparation for IAA analysis were performed as
 
previously described.
 
Cost Analysis
 
Cost analysis assumptions (Appendix Table A-14) for
 
study planting and treatments (Table 4-4) were based on
 
data from the B.C. Ministry of Forests (H. Hahn, personal
 
communication), Balco-Canfor Reforestation Centre
 
(Kamloops, B.C.) and a similar analysis by Schaap and
 
DeYoe (1986).
 
Experimental Design and Statistical Analysis
 
Due to the loss of experimental materials, the
 
seedlings used in this experiment consisted of either two
 
or three replicates of 50 seedlings per treatment per
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species.  The resulting unbalanced randomized block design
 
can be summarized as follows for each of the three (3)
 
tree species:
 
MODEL = GR + LT + TT + GR*LT + GR*TT + LT*TT + GR*LT*TT +
 
error, where GR is growth regulator treatment (5), LT is
 
lifting time (2) and TT is treatment time (2).
 
Data were subjected to Analysis of Variance (ANOVA)
 
using a randomized block design.  Where significant
 
analyses showed no significant interactions, means were
 
compared using Fischer's Protected LSD (FPLSD) test.
 
FPLSD was chosen for its robust comparison-wise error
 
rate.
 
Reconstructed 1987 mean total height (1988 height ­
1988 increment for each seedling) was determined.  This
 
reconstructed 1987 height data was significantly different
 
than the initial height data taken from 50 representative
 
Balco production stock trees.  For this reason, the
 
reconstructed height data was used in the measure of
 
relative growth rate for the 1988 season.
 
Relative growth rates (RGR) were calculated as
 
described previously (Hunt 1982; Ledig 1974).  The values
 
are reported as annual increases (%/year).
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EXPERIMENT 3: THE EFFECTS OF PGR APPLICATION ON
 
MORPHOLOGICAL AND ENDOGENOUS IAA RESPONSES OF OUTPLANTED
 
CONIFERS IN THE COAST-INTERIOR TRANSITION OF BRITISH
 
COLUMBIA
 
Study Location Description
 
The test site is located in BLit-16, 10 kilometers
 
north of Boston Bar, British Columbia, just off the Trans-

Canada Highway.  The site is a south-facing mid-slope of
 
20-30%, and is classified as a 2-3/c.  The soils are a
 
sandy-loam dystric brunisol over a thick colluvium.  The
 
upper 15-20 cm of the soil profile have 15% coarse
 
fragments, but the soil below is 75% coarse fragments.
 
Based upon sites of similar slope, moisture regime and
 
aspect, this site had the potential to develop a
 
substantial brush cover.  As of October 1990, Alnus rubra
 
and Corylus cornuta shrubs greater than 2 meters high
 
covered 10 - 15% of the site, and Rubus spp.,
 
Symphoriocarpos albus  and Mahonia aquifolium
 
approximately 1 meter high covered around 60%.  The site
 
was expected to develop a substantial and prolonged
 
moisture deficit during the summer (Goldstein, 1990,
 
1991).
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Stock Planting Attributes
 
Three tree species were used: Douglas-fir (PSME-C,
 
PSME-I), Ponderosa Pine (Pines ponderosa Dougl. ex P. & C.
 
Lawson) (PIPO) and Western Larch ((LAOC) (Table 4-5).
 
With the exception of Western Larch, the species all occur
 
naturally in this area and are considered practical for
 
reforestation.  Two stocktypes were used: PSB 313B and PSB
 
323.  PSB 313B 1+0 was the most frequent prescribed
 
stocktype for these sites, however, currently PSB 415B has
 
become the preferred stocktype.  The PSB 323 stocktype was
 
selected because the deeper plug was thought to give
 
better soil contact than the PSB 313.  Other stocktype and
 
planting characteristics are reviewed in Scagel et al.
 
(1992).  The remainder of the stock used in this trial
 
were used in a later planting at Ryan River (Section 88­
A19215; Scagel and Goldstein 1990).
 
The PSB 323 (1+0) stock was difficult to plant due to
 
the stony nature of the site, so long blade spades were
 
used to dig deep holes in order to get the entire length
 
of the plug buried.  By comparison the PSB 313 (1+0) stock
 
was much easier to plant.  This site had been freshly
 
logged and there were still large amounts of green slash
 
over the entire area.  In some places, slash was deep
 
enough to provide insulation that prevented the melting of
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snow buried under the slash.  Snow was still present under
 
the accumulated slash during planting in March 1988.
 
Treatments
 
Treatments consisted of substances applied to roots
 
to directly promote root growth or alter the water holding
 
capacity of the soil around the planted seedling roots
 
(Table 4-6).  All treatments were performed in the field.
 
A comparison of estimated costs to plant is given in Table
 
4-7.
 
Alginate was applied by dipping bundles of seedlings
 
into a pail containing a slurry of the polymer and water.
 
It provided the most uniform treatment of seedlings
 
because of its high viscosity.  The root mass was held
 
together very well by the gel.
 
The IBA dust was applied to the roots of individual
 
seedlings by shaking roots in a bag.  Due to root rot
 
problems in the PSB 313, IBA dust could not be applied to
 
these seedlings uniformly due to plug moisture differences
 
and damage during transport.
 
IBA was combined with the hydrophilic gel by mixing
 
the IBA dust and the alginate.  The talc used in the IBA
 
dust prevented uniform mixing of particulates, but the
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application of the IBA to the seedlings was more uniform
 
than the application with IBA powder alone.
 
Ethrel was applied similarly to alginate.  Seedling
 
bundles were dipped into a aqueous ethrel solution.  The
 
slight viscosity of the mixture resulted in less damage to
 
the root system during the handling associated with
 
planting.  The physical integrity of the plug was
 
maintained.
 
Plot Layout and Data Collection
 
The start of each row was marked with wire flags
 
indicating the species, treatment and row number on a
 
metal tag.  Trees were planted at a 2 meter spacing with 2
 
meters between rows.  The first and last trees in each row
 
as well as every third tree along each row were flagged.
 
There were three rows (blocks) per species and treatment
 
combination and 15 trees per row (15 trees X 3 rows = 45
 
trees per treatment per species).  This site had been used
 
for extension and demonstration tours for the B.C.
 
Ministry of Forests and Pacific Phytometric Consultants
 
(Scagel et al. 1992).
 
Morphological observations (survival, browse,
 
forking, lamas growth) and measurements (total height,
 
annual increment, basal caliper) were taken in the fall of
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1988, 1989 and 1990 using methodology described previously
 
in this chapter.  Reconstructed 1987 mean total height and
 
relative growth rates were calculated as previously
 
described in this chapter.  Root dry weight, shoot dry
 
weight, mycorrhizal colonization, new root growth after
 
two weeks in the greenhouse and endogenous IAA contents in
 
roots were determined for a random subsample of 5
 
seedlings per treatment harvested at planting and in the
 
fall of 1988.
 
Root Growth and IAA Analysis
 
Samples for IAA analysis and root growth studies were
 
taken from five randomly sampled experimental seedlings
 
per treatment-species combination at planting and in the
 
fall of 1988, after the first growing season.  These
 
seedlings were assayed for endogenous IAA content in roots
 
as previously described.
 
Cost Analysis
 
Cost analysis assumptions (Appendix Table A-14) were
 
based on B.C. Ministry of Forests data and carried out as
 
described previously.
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Experimental Design and Statistical Analysis
 
Not all species and treatment combinations were
 
planted.  Certain treatments were not performed on
 
Ponderosa Pine and Western Larch due to the small numbers
 
of available seedlings and time constraints.  Various
 
treatments of the PSB 313 stock were excluded due to root
 
rot problems in the nursery stock and its potential
 
interaction with treatment applications.  The experiment
 
was planted in the following incomplete randomized block
 
design with each of the 4 stock types: MODEL = Treatment +
 
error.
 
Data were subjected to Analysis of Variance (ANOVA)
 
using a randomized block design.  Where analyses showed
 
significant differences within species, means were
 
compared using Fischer's Protected LSD (FPLSD) test.
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RESULTS
 
EXPERIMENT 1 
Morphological responses of four species of greenhouse
 
grown bareroot conifers to application of PGR are given in
 
Appendix Table A-12.  Responses to treatment application
 
varied with tree species.  Four months after transplanting
 
into the greenhouse beds, total height, shoot dry weight,
 
lateral growth and root dry weight of LAOC seedlings
 
treated with Hormogel, Stimroot and Alginate were
 
significantly greater than control seedlings (Figure 4-1).
 
Root collar diameter growth rate was increased by both
 
Hormogel and Ethrel application, but root collar diameter
 
and height growth rate of LAOC seedlings one year after
 
transplant was only increased by Hormogel application.
 
Bareroot PIEN was less responsive to PGR treatments
 
than LAOC.  PIEN total height was significantly increased
 
by application of Stimroot, Alginate and Ethrel (Figure 4­
2).  While PIEN root-shoot ratio was only increased by
 
Stimroot and Alginate applications, Ethrel was the only
 
treatment that increased root dry weight.
 
PICO morphology was affected by most treatments.
 
Although total height and shoot dry weight of PICO was
 
increased by all treatments, when compared to controls
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(Figure 4-3), lateral growth was only increased by
 
Alginate and Ethrel treatments.  Root dry weight was
 
significantly increased on PICO by all treatments except
 
Stimroot.  Root collar diameter and diameter growth rate
 
of PICO were significantly increased by both Hormogel and
 
Alginate treatments.  Root:shoot ratios of PICO seedlings
 
only changed significantly with Alginate treatments.
 
PSME-I morphological responses to treatments were
 
variable.  While Hormogel treatment significantly
 
increased total height, shoot dry weight, lateral growth
 
and root dry weight of plants, Stimroot only increased
 
height growth rate and root dry weight (Figure 4-4).
 
Alginate treatments of PSME-I increased root dry weight
 
and root collar diameter.  Ethrel treatments increased
 
shoot dry weight, root dry weight and diameter growth rate
 
of PSME-I.  Of all the measurements taken on PSME-I, root
 
dry weight appeared to be the most responsive to
 
treatments.
 
Endogenous IAA contents in roots of greenhouse-grown
 
bareroot conifers treated with Hormogel, Stimroot,
 
Alginate and Ethrel are given in Appendix Table A-13.  Two
 
weeks after treatment with Hormogel, Stimroot or Ethrel,
 
both LAOC and PIEN had significantly higher free IAA
 
contents than controls (Figure 4-5 and 4-6).  IAA
 
conjugates in LAOC and PIEN roots 2 weeks after treatment
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were only greater in plants treated with Hormogel or
 
Stimroot.  Both free and conjugate forms of IAA were
 
increased in PSME-I roots 2 weeks after treatment with
 
either Hormogel or Ethrel (Figure 4-8).  Two weeks after
 
treatment, PICO treated with either Hormogel or Stimroot
 
had increased IAA conjugates in roots, but only Stimroot
 
increased free IAA.
 
IAA conjugates in roots of LAOC and PIEN were not
 
significantly different in any treatments 4 months after
 
planting (Figure 4-5 and 4-6).  In LAOC roots, however,
 
Hormogel, Alginate and Ethrel treatments caused increased
 
free IAA compared to controls.  Free IAA content of PIEN
 
roots was greater in Hormogel- and Stimroot-treated plants
 
than controls.  All treated PICO roots showed increases in
 
IAA conjugates, but only roots treated with Hormogel and
 
Stimroot had higher free IAA concentrations (Figure 4-7).
 
Hormogel- and Ethrel-treated PSME-I roots had higher free
 
IAA contents than control plants; however IAA conjugate
 
content of roots was only greater in Hormogel-treated
 
roots (Figure 4-8).
 
Significant correlations between IAA content of roots
 
and morphological features of the four conifer species are
 
shown in Figures 4-6, 4-7 and 4-8.  LAOC and PICO total
 
height, root collar diameter and root dry weight were
 
correlated with total IAA content of roots.  PSME-I and
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PIEN total height was also correlated to their total IAA
 
content in roots.  Although PSME-I root collar diameter
 
was not significantly correlated with root IAA content,
 
shoot dry weight and root dry weight were.  By themselves,
 
PIEN shoot and root dry weights were not signficantly
 
correlated to IAA content in roots; however the root:shoot
 
ratio of seedlings was correlated.
 
EXPERIMENT 2
 
Appendix Tables A-17 thru A-25 give the mean total
 
height, basal diameter and annual increment of all three
 
tree species for the length of this experiment.  After 3
 
growing seasons in the field only post-cold storage
 
application of Alginate and IBA and pre-cold storage
 
application of Ethrel, significantly increased total
 
height of all three tree species over control plants.
 
Basal diameter of all three tree species was significantly
 
increased by post-cold storage application of IBA and
 
Alginiate when compared to control plants after 3 growing
 
seasons.  Only post-cold storage application of IBA
 
increased height and basal diameter of all three tree
 
species when compared to control plants.  The response of
 
trees to all other treatments and treatment times varied
 
between species.
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Appendix Tables A-26 thru A-31 give the annual
 
increases in height and diameter growth for all three tree
 
species over the course of this field trial.  Pre- and
 
post-cold storage treatments with IBA and Ethrel, and
 
post-cold storage treatments with Alginate significantly
 
increased annual height growth rate of all three tree
 
species when compared to control plants.  Annual increases
 
in diameter growth were significantly increased by pre-

and post-cold storage treatments with IBA and post-cold
 
storage treatments with Ethrel and Alginate.  For all tree
 
species, only post-cold storage application of IBA
 
increased height and diameter growth rates of early lifted
 
trees when compared to control plants.
 
Appendix Tables A-32 thru A-34 give the IAA contents
 
(free and ester conjugates) roots of all three tree
 
species at specific times during the course of this
 
experiment.  In the fall of 1988, free IAA content of
 
roots of all species was significantly higher than
 
controls in post-cold storage IBA treated plants.  IAA
 
conjugates were significantly higher than controls in
 
roots of all species with post-cold storage treatment of
 
IBA or Ethrel.  By the spring of 1989, only trees with
 
post-cold storage treatment of IBA had significantly
 
greater endogenous root IAA than controls for all species.
 
Only pre- and post-cold storage treatments with IBA
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significantly increased root IAA contents of early lifted
 
seedlings of all species. The free and bound IAA content
 
of trees roots, for all other treatments, treatment times,
 
and year of sample,  varied between species.
 
Appendix Tables A-35 thru A-37 show the results of
 
growth and mycorrhizal colonization of roots of all three
 
tree species at specific times during the course of this
 
experiment.  PSME root growth and mycorrhizal colonization
 
were increased over control plants, by both pre- and post-

cold storage treatments of IBA and Ethrel.  PICO root
 
growth and mycorrhizal colonization were only
 
significantly different than controls for post-cold
 
storage treatments with IBA and Ethrel.  PIEN root growth
 
and mycorrhizal colonization was only significantly
 
increased over control plants with post-cold storage
 
treatment of IBA.  Only post-cold storage treatments with
 
IBA signifcantly increased root growth of early lifted
 
seedlings of all tree species. The root growth and
 
mycorrhizal colonization of roots, for all other
 
treatments, treatment times, and year of sample,  varied
 
between species.
 
Appendix Tables A-38 thru A-46 give the survival,
 
overwinter mortality and observational notes for all three
 
tree species for three years.  Survival over the first
 
growing season was high for most seedlings lifted at the
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normal time.  By the spring of 1989 (one year from
 
planting), seedlings lifted at both times (early and
 
normal) had greater survival than controls when treated
 
with either IBA or alginate.  By the third growing season
 
(1990), however, only survival of PIEN seedlings treated
 
with Alginate, IBA or Ethrel were significantly higher
 
than controls.  The survival for all other treatments,
 
treatment times, and year, varied between species.
 
Table 4-8 lists the correlations between endogenous
 
root IAA concentrations and characteristics of PSME-I,
 
PIEN and PICO for the first two years after outplanting.
 
Annual increment, height growth rate, diameter growth
 
rate, root dry weight and survival of PSME was
 
significantly correlated to the amount of free IAA in
 
seedlings roots in the fall of 1988.  In the spring of
 
1989, only ehight growth rate and root dry weight (1988)
 
were significantly correlated with the amount of IAA in
 
seedling roots of PSME.  Annual increment, height growth
 
rate, diameter and root dry weight of PIEN were
 
significantly correlated to root IAA content in the fall
 
of 1988, but not correlated with survival.  Root IAA
 
content of PICO in the fall of 1988 was not well
 
correlated to survival or any morphological variable.
 
However, root IAA content in the spring of 1989 was well
 
correlated with diameter and root dry weight for PICO.
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Correlations for all other factors,  varied between
 
species.
 
Appendix Tables A-50 through 52 show the summary cost
 
analysis for all three tree species planted at Durrand
 
Creek.  Only post-cold storage treatment with IBA
 
significantly decreased the height cost per surviving
 
seedling for all three species.
 
Post-cold storage treatments with Alginate, IBA and
 
Hormogel increased PICO growth and survival three years
 
after planting.  PSME-I growth and survival seemed to be
 
most affected by IBA application.  Diameter growth of the
 
PSME-I seedlings was benefitted by Alginate, IBA and
 
Hormogel treatments.  PIEN seedling height was most
 
affected by Alginate, IBA and Hormogel treatments.  IBA
 
treatment of PIEN seedlings had the most dramatic effect
 
on diameter growth.
 
In general root growth increases after planting were
 
markedly higher for Alginate- and IBA-treated PICO
 
seedlings in both the first and second years after
 
planting.  PSME-I and PIEN seedlings subjected to IBA or
 
Alginate treatments exhibited increases in root growth in
 
the first year after planting.
 
Treatment of early-lifted PICO with IBA increased
 
seedling growth and survival.  Early-lifted PSME-I
 
seedling growth and survival was increased by IBA and
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Hormogel treatments.  Little treatment effects on growth
 
and survival of early-lifted PIEN seedlings were observed
 
in this study.
 
The endogenous concentration of auxins in PICO roots
 
was increased by Alginate, IBA and Hormogel treatments in
 
the first year after planting.  First year endogenous IAA
 
concentrations in roots were only increased by IBA and
 
Hormogel application on PSME-I and PIEN.  Endogenous IAA
 
concentrations in roots were higher only in IBA-treated
 
PICO seedlings 2 years after planting.
 
All mycorrhizal fungi isolated from treated PICO
 
seedlings showed some in vitro auxin and ethylene
 
production capability.  About 60% of the mycorrhizal fungi
 
isolated from treated PSME-I seedlings showed some in
 
vitro IAA production capacity and 43% possessed ethylene
 
producing capability.  Mycorrhizal fungi from PIEN showed
 
varying degrees of IAA and ethylene production
 
capabilities.
 
EXPERIMENT 3 
All species planted (PSME- I,PIPO,LAOC) showed better
 
survival than the PSME-C (313) (Appendix Table A-43).
 
Over 50% of the Fdc died in the first two years.  By
 
contrast the Fdi has lost a few trees every year for the
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first five years.  Treatment of PSME-C with Alginate
 
slightly increased seedling survival but this effect was
 
lost in subsequent years.  Pine and Larch showed no
 
mortality after three years; however, in the fourth and
 
fifth years LAOC showed more mortality (data not
 
presented).  Commercial plantings in this area have had
 
higher mortality.
 
Lamas growth was not extensive during all three years
 
of the study (Appendix Table A-53).  During the first year
 
however, there was a marked increase in lamas growth of
 
the PSME-I due to Ethrel treatment, possibly to compensate
 
for the extensive needle loss associated with the Ethrel
 
treatment.  Other treatments of the PSME-I had less lamas
 
than the control seedlings.
 
Forking as a result of browse, breakage or aborted or
 
split terminal buds was observable after the second season
 
of growth in the field (Appendix Table A-53).  Very little
 
forking or browse was observed with Pine seedlings.
 
Total plant height is an important factor in
 
competition on brushy sites.  Larch showed the greatest
 
response in total height, with an annual growth equal to
 
the surrounding brush (Figure 4-9).  Pine stock was
 
initially very short (Appendix Table A-54) in comparison
 
to other planting stock, however it doubled its total
 
height during the first and second growing seasons in the
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field (Appendix Table A-55).  Candling, however, accounted
 
for 28% of the Pine increment during the third field
 
growing season, and thus the rate of height growth was
 
decreased.  PSME-C seedlings started out smaller than
 
PSME-I and did not attain similar total heights after
 
three years of growth in the field.
 
Treatment effects on total height were more apparent
 
after the second field growing season when mortality had
 
reduced the dilution effects of less vigourous plants on
 
average total height (Figure 4-9).  Alginate or IBA
 
treatments alone slightly increased total height compared
 
to the other treatments.  This was particularly
 
interesting in light of the high amount of browse and
 
associated forking in the Alginate-treated plants.
 
Annual increment (Appendix Table A-56) can be
 
considered a comparative measure of annual rate of plant
 
growth.  During the first two field seasons, growth of
 
Pine and Larch far surpassed that of either Douglas-fir
 
stock type.  PSME-I seedlings had larger annual increments
 
than PSME-C seedlings.  Treatment effects occurred after
 
the second field growing season, with IBA and Alginate
 
treatments, in general, being associated with larger
 
increments.  The Ethrel-treated trees had an extremely
 
small increment during the first field growing season,
 
probably due to the needle losses associated with the
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treatment.  However, any carry-over effect from this loss
 
was gone by the second (1989) field growing season.
 
Seedling basal diameter is an important factor in
 
competition and growth through its contribution to
 
seedling nutrient storage and sturdiness.  Basal diameters
 
of PSME-C seedlings were smaller than on the other species
 
(Appendix Table A-57).  All treatments except Ethrel
 
increased basal diameters (Figure 4-10).  Treatment
 
effects appeared after the first field growing season and
 
lasted for all three years of the study (Appendix Table A­
58).
 
Treatment of PSME-I trees with IBA had a slight
 
effect on shoot dry weight after one year of field growth
 
(Appendix Table A-59), but dramatic effects on root dry
 
weight and morphology (Figure 4-11).  In general, new root
 
growth was increased by treatments, with Ethrel treatment
 
having the highest numbers of root initials, and IBA and
 
Alginate treatments the largest numbers of roots greater
 
than 1.0 cm  long.  Similarly, endogenous free IAA was
 
increased with IBA treatment, and endogenous bound IAA was
 
increased with IBA and Alginate treatments (Figure 4-12;
 
Appendix Table A-29).  The amount of endogenous IAA of
 
roots was also found to be significantly correlated to a
 
number of morphological features of all three tree species
 
(Table 4-9).  Numbers of roots less than 1.0 cm and
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survival (1988)showed no correlation to IAA content of
 
roots.
 
An estimated cost analysis shows that although PSME-C
 
(313) is the least expensive species stock type used here,
 
the planting density needed to reach target stocking is
 
much greater due to the high seedling mortality (Appendix
 
Table A-60).  Planting to achieve target density was the
 
least for Pine and Larch because of their low field
 
mortality after three years.
 
For PSME-I, only the IBA treatment had a lower cost
 
to plant (CTP) than its control.  Based on height
 
estimates, the height cost of surviving seedlings (HCSS)
 
was the least for the Larch (a result of low mortality and
 
increased total height), then the Pine (a result of low
 
mortality), then the IBA treated PSME-I (a combination of
 
moderate mortality and slightly increased total height)
 
compared to the rest of the Douglas-fir treatments.
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DISCUSSION
 
Conifer seedlings for reforestation are often planted
 
in extremely harsh sites.  The window of opportunity for
 
outplanted seedlings to become established may be only a
 
few weeks from snow melt to the time when the soil is too
 
hot and dry to support initial seedling growth.  To
 
survive, outplanted seedlings must generate new roots that
 
grow into the soil in order to acquire water and
 
nutrients.  Seedlings that fail to generate roots within
 
that time frame usually die.  With some hard-to-regenerate
 
sites, mortality of outplanted seedlings is very high
 
because seedlings have low root growth capacity.  There is
 
need to develop the technology to increase root growth
 
capacity in order to increase seedling survival.
 
While all the physiological and environmental factors
 
that most influence root growth capacity are not well
 
understood, it is generally accepted that root growth is
 
primarily influenced by endogenous auxin (IAA) content,
 
which can be influenced by many environmental, chemical,
 
and biological factors.
  Rhizosphere microorganisms, such
 
as ectomycorrhizal fungi, are known to produce plant
 
growth regulators, including IAA and ethylene, and to
 
iinfluence the morphological changes in ectomycorrhiza
 
formation and root growth capacity of conifers (Slankis
 
1950; Gogalla 1991).  The level of IAA in roots at any
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time is the results of the interaction of several
 
processes including synthesis, degradation, conjugation,
 
and transport to and from the root from the sites of
 
production.  The assumption is that if the endogenous IAA
 
content of seedling roots or root-generating tissue is
 
below some minimum threshold, than root generation will be
 
reduced.  The logical solution would be to increase the
 
IAA concentration by external application of IAA
 
precursors or inducers.  It is common practice in
 
horticulture to stimulate roots on cuttings by application
 
of hormone powders or solutions to the plants.  This has
 
not, however, been a common practice in forest
 
regeneration.  The objective of this study was to
 
determine whether endogenous concentrations of IAA in the
 
roots and subsequent growth and survival of greenhouse and
 
field grown conifers could be increased by the exogenous
 
application of plant growth regulating materials.
 
The working hypothesis of this study was that
 
external application of substances with root-stimulating
 
properties would increase the level of endogenous IAA in
 
roots and thereby stimulate root regeneration on seedlings
 
of several conifer species being outplanted,  and that as a
 
result seedling growth and survival would be increased.
 
Several commercial materials were applied by dusting or
 
dipping the seedling root systems before cold storage or
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prior to outplanting seedlings of four different conifer
 
species.  The hypothesis was partially confirmed in that
 
endogenous root IAA content was increased by some
 
treatments on some tree species at some times after
 
treatment.  Differences in response could be explained on
 
the basis of different developmental stages of the
 
seedlings, the relative initial IAA content of the
 
seedlings at the time of treatment, variations in the
 
environmental conditions at the outplanting sites or
 
differences in initial seedling 'quality'.  With respect
 
to the IAA content of roots at any point in time, it is
 
clear that /AA content is tissues is maintained as a
 
dynamic process affected by rate of synthesis in reation
 
to the rate of degradation.  IAA can be synthesized from
 
tryptophan precursors in the root apex (Feldman 1980) and
 
can be actively metabolized in all parts of the root.
 
Thus the IAA content can change during root development
 
(Nissen and Foley 1987), and can be influenced by
 
environmental factors such as soil type (Lachno et al.
 
1982).  The endogenous IAA content of roots may also be
 
influenced by IAA oxidase with degrades IAA, thereby
 
reducing its effective concentration (Davies 1987).  Auxin
 
co-factors have also been shown to reduce the IAA oxidase
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activity in root-generating tissues, and thereby maintain
 
a higher level of IAA to stimulate rooting (Bandurski et
 
al. 1977).
 
The effects of applied root stimulating hormones on
 
root growth may be a function of concentrations applied
 
(Scott 1972; Pilet and Elliot 1981) as well as the
 
reactivity of the root tissue, a view not often discussed
 
(Pilet 1991).  For example, the initial growth rate has
 
been found to be an essential parameter upon which the
 
effect of applied IAA depends strongly.  Fast-growing
 
roots are more stimulated by IAA applications at low
 
concentrations than slower growth roots (Pilet and Saugy
 
1987), indicating that the endogenou IAA content is
 
different in slow and fast-growing roots.  Abscisic acid
 
content of roots can also significantly influence the
 
effect of IAA appllication on endogenous IAA content and
 
root growth (Pilet 1991).  It is also important to
 
remember that the two forms of endogenous IAA, free and
 
ester-linked, both take part in the regulation of root
 
growth rate (Bandurski et al. 1977).  It is generally
 
thought that there is an inverse correlation between the
 
level of ester-linked IAA and growth rate.  And, although
 
few conclusions can be made about the relative influences
 
of these IAA forms, the available data show that the
 
relative content of free and ester-linked IAA depends on
 227 
the age and growth rate of the root cells.  The results of
 
this study clearly showed that exogenous appllication of
 
the root-stimulating materials IBA, Ethrel and Hormogel
 
(IBA + NAA) did influence the endogenous concentrations of
 
both free and bound IAA in the root of treated conifer
 
seedlings.
 
The second phase of the hypothesis being tested in
 
this study was that elevated IAA content of treated roots
 
would stimulate greater root regeneration and that would
 
influence subsequent growth and survival.  The hypothesis
 
was partially confirmed depending on the tree species.
 
There were significant correlations between IAA content of
 
roots and some of the morphological features of the four
 
conifer species.  In Larch and Ponderosa Pine, for
 
example, seedling height, root collar diameter, and root
 
dry weight were correlated with IAA content of roots
 
increased by application of plant growth regulating
 
materials; height was correlated with IAA content in
 
Douglas-fir and Engelmann Spruce.  Shoot and root dry
 
weight, but not root collar diameter, were correlated with
 
IAA content in Douglas-fir.  As discussed earlier, these
 
variation between tree species could be the result of
 
tissue sensitivity due to genetic differences as well as
 
developmental factors at the time of treatment.
 
All plant tissues are capable of producing ethylene,
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which, due to its gaseous nature, cannot be transported
 
from organ to organ in significant quantities (Yang and
 
Hoffamn 1984).  Bucher and Pilet (1981) found that pea and
 
maize root segments produced more ethylene in light than
 
in darkness but were unable to correlate this production
 
with root elongation.  Stimulation of root growth by
 
application of Ethrel as a source of ethylene gas has been
 
reported previously (Graham and Linderman 1981; Alvarez
 
and Linderman 1983; Blake and Linderman 1992); these
 
workers reported similar differences in tree species
 
responses as were found here.  In these studies, root
 
growth and dry weights of Douglas-fir and Englemann Spruce
 
were increased by Ethrel treatment.  Prior to this study,
 
it was not known whether ethylene directly stimulated root
 
growth, or whether it stimulated root growth by inducing
 
increased levels of endogenous IAA.  The results of this
 
study indicate that exogenously applied ethylene
 
influenced root growth indirectly by increasing levels of
 
endogenous IAA, a phenomenon heretofore only reported to
 
occur on plants exposed to extreme stress from flooding
 
(Wample and Reid 1978).  This response could have been a
 
direct effect of ethylene on root growth,  or a response
 
resulting from the concommitant rise in IAA content of
 
these roots.  These results may explain the earlier
 
results (Graham and Linderman 1981; Alvarez and Linderman
 229 
1983; Blake and Linerman 1992) where exposure of seedling
 
roots to relatively low levels of ethylene gas stimulated
 
root growth, a response that oone would expect from
 
elevated IAA in the roots.  The final portion of the
 
hypothesis being tested in this study was that exogenous
 
application of plant growth regulating materials would
 
stimulate root regeneration resulting in increased
 
seedling growth and survival after outplanting.  The
 
results did not validate the hypothesis in most cases.
 
Althoughroot dry weight of Lodgepole Pine, Englemann
 
Spruce and Douglas-fir were significantly correlated with
 
endogenous IAA content, only survival of Douglas-fir was
 
significantly correlated to endogenous IAA content.
 
Genetic and developmental differences between species
 
could account for the different responses, but differences
 
in site characteristics could also have played a major
 
role.  For example, the Durrand Creek site has prolonged
 
summer drought conditions, but the springs are extremely
 
cold and wet.  Late frosts caused more mortality of
 
Lodgepole Pine and Englemann Spruce which both flushed
 
earlier than Douglas-fir on this site.  That mortality
 
would have maked potential treatment responses by those
 
species.  Similarly, there was low mortality at the Boston
 
Bar site, and even though there was stimulation of
 
endogenous root IAA from plant growth regulator
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treatments, the effects on root regeneration may not have
 
been apparent because of the lack of environmental stress
 
that would have revealed the benefits of enhanced root
 
regeneration as reported by others (Alvarez and Linderman
 
1983; Blake and Linderman 1992).
 
Reforestation efforts strive for the greatest
 
survival and growth of outplanted seedlings at the least
 
cost.  Cost analysis of the treatments applied in this
 
study showed that treatment of seedlings with plant growth
 
regulators were not cost effective in most cases because
 
the mortality in the experiments was so low.  Under
 
commercial planting conditions, however, the treatments
 
probably would be cost effective becuase the mortality
 
would be much higher and the treatment effects would be
 
more dramatic.  Cost analysis of other similar field
 
trials (R.R. Scagel, unpublished results) showed 3-39%
 
decreased cost of surviving bare-root Douglas-fir
 
seedlings (in projected target stocking) resulting from
 
Alginate or plant growth regulator treatments.  If the
 
technology for plant growth regulator-mediated increased
 
root growth and survival could be refined, planting costs
 
could be appreciably decreased to achieve target density
 
on difficult-to-regenerate site.
 
These studies have largely confirmed the validity of
 
the hypothesis being test that exogenously applied root­231 
stimulating compounds increase endogenous IAA levels that
 
would increase root regeneration of conifer seedlings
 
resulting in increased growth and survival at outplanting.
 
With refinement, this technology could be incorporated
 
into container-grown seedling production and reforestation
 
efforts.  There is still too much variability in the
 
response of different tree species, but there is potential
 
to fine-tune plant growth regulator application
 
concentrations and timing to reduce some of that
 
variability.  The results here were similar to those
 
resulting from inoculation with plant growth regulator
 
producing or inducing ectomycorrhizal fungi, and
 
exploitation of eith type of treatment might have very
 
profound effects on outplanted seedlings used in
 
reforestation.
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FIGURE 4-8: Responses of Douglas-fir (PSME) to exogenous application of PGR (see
 
Appendix Table A-12 and A-13).  Treatment codes: I=IBA; S=Stimroot; A=Alginate; E=Ethrel
 
and C=Control.  Significant correlations between IAA content of roots and 2 year height
 
(r=0.89), root (r=0.67) and shoot dry weight (r=0.58).
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TABLE 4-1: Types, commercial names, active ingredients and
 
concentrations used for seedling root treatments.
 
TYPE  ACTIVE  CONCENTRATION  COMMERCIAL
 
INGREDIENT  NAME
 
I
 
PLANT GROWTH  IBA + NAA  500 ppm each  RORMOGEL
 
REGULATOR
 
IBA  500 ppm  STXMROOT
 
ETHYLENE  0.05 ppm  ETHREL
 
HYDROPHILIC  CALCIUM ALGINIC  - ALGINATE
 
CELL  ACID
 
TABLE 4-2: Durrand Creek Stock Attributes
 
ATTRIBUTES  SPECIES
 
DOUGLAS-FIR  INGLEMANN SPRUCE  LODGEPOLE PINE
 
(PSME-I)  (PIKE)  (PICO)
 
Stock Type  313  313  211
 
Age  1+0  1+0  1+0
 
Nursery  Balco-Canfor  Balco-Canfor  Balco-Canfor
 
Early Lift  10/13/87  10/13/87  10/13/87
 
(mmidd/yy)
 
Normal Lift  11/9/87  11/9/87  11/26/87

(mmidd/yy)
 
Cost/plant ($)  0.302  0.295  0.316
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TABLE 4-3: Durand Creek Treatments and Costs till
 
Planting.
 
FACTOR  ACTIVE 
INGREDIENT 
COMMERCIAL 
NAME 
ESTIMATED COST/SEEDLING ($) 
MATERIAL  I  APPLICATION 
PLANT 
GROWTH 
REGULATOR 
EYDROGEL 
IBA1 
Ethylene' 
IBA + NAA3 
Ca-Alginic 
Acid' 
Stimroot 
Ethrel 
Hormogel 
Alginate 
0.030  0.0014 
0.060  0.0090 
0.303  0.0010 
0.020  0.0090 
-
'IBA at 500 ppm in an Alginate carrier.
 
2Ethylene at 0.05 ppm in the form of 0.5 ppm ethrel (2­
chloroothylephosphonic acid, Wilbur Ellis Corp.) in an alginate carrier.
 
'IBA at 500 ppm and NAA at 500 ppm in a synthetic hydrogel carrier.
 
4Alinate (Protanal S.F., Calcium-Aglinate, Multichmm Corp.
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TABLE 4-4:  Accumulated estimated cost/seedling after
 
planting at Durrand Creek 2 ($CN/seedling).
 
SPECIES'  TREATMENT  COST ($/sssmnic)3 
SEEDLING  I  TREATMENT I  PLANTING  1  TOTAL 
PSME -I  CONTROL  0.302  0  0.415  0.717 
ALGINATE  0.302  0.02900  0.415  0.746 
sTimmour  0.302  0.03144  0.415  0.748 
ETRREL  0.302  0.06900  0.415  0.786 
HORMOGEE.  0.302  0.03140  0.415  0.748 
PIEN  CONTROL  0.295  0  0.415  0.710 
ALGINATE  0.295  0.02900  0.415  0.734 
STIMMOOT  0.295  0.03144  0.415  0.741 
ETNREL  0.295  0.06900  0.415  0.779 
NORMOGEL  0.295  0.03140  0.415  0.741 
PICO  CONTROL  0.316  0  0.415  0.731 
ALGINATE  0.316  0.02900  0.415  0.760 
STIR OT  0.316  0.03144  0.415  0.762 
EMIR=  0.316  0.06900  0.415  0.800 
RORMOGEL  0.316  0.03140  0.415  0.762 
'Seedling Cost (SC) = Cost to purchase, prepare site, plant species,

stock and treatment
 
= (Seedling + Treatment + Planting) + Administration.
 
'Where PSMI-I = Douglas -fir, PIEN = Englemann Spruce and PICO =
 
Lodgepole Pine.
 
'See Appendix Table A-14 for Cost Analysis Assumptions.
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TABLE 4-5:  Planting Stock Attributes of seedlings planted
 
at Boston Bar.
 
ATTRIBUTES  SPECIES 
LAOC  1  PSME-I  1  PSME-C  1  PIPO 
STOCK TYPE  PSB 323  PSB 323  PSB 313  PSB 323 
AGE  1 + 0  1 +0  1 + 0  1 + 0 
=BLOT  5235  5277  1029  3683 
SIEDZONZ  3010  3020  1060  3010 
ELEVATION  1055 m  786 m  518 m  1310 m 
LOCATION  Moyie  Rover Creek  Skajit River  Salmo River 
LIFT  12-22-87  12-22-87  12-29-87  12-22-87 
(miadd/yy) 
NURSERY  Harrop  Harrop  Pelton  Harrop 
COST/PLANT  0.281  0.278  0.176  0.226 
($) 
TABLE 4-6: Boston Bar Treatments and Estimated Costs till
 
Planting.
 
FACTOR  ACTIVE 
INGREDIENT 
comuzacrAL 
NAME 
ESTIMATED COST/SEEDLING ($) 
MATERIAL  I  APPLICATION 
PLANT GROMTN  IBA'  Stimroot  0.030  0.0144 
REGULATORS 
Ethylene'  Ethrel  0.060  0.0090 
HYDROPHILIC 
GEL 
Ca-Alginic 
Acid' 
Alginate  0.020  0.0090 
'IBA at 500 ppm in an Alginate carrier.
 
'Ethylene at 0.05 ppm in the form of 0.5 ppm ethrel (2­
chloroethylephosphonic acid, Wilbur Ellis Corp.) in an alginate carrier.
 
'Alginate (Protanal S.F., Calcium- Aglinate, Multichem Corp.
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TABLE 4-7: Accumulated estimated cost per seedling after
 
planting at Boston Bar ($131/seedling)1.
 
SPECIES'  STOCK  TREATMENT  cos?
 
TYPE
 
SEEDLING' TREATMENT' PLANTING'  TOTAL
 
PSIS -C  PSB  CONTROL  0.176  0  0.433  0.609 
313 
ALGINATE  0.176  0.029  0.433  0.641 
PEKE -I  PSB  CONTROL  0.278  0  0.761  1.039 
323 
ALGINATE  0.278  0.029  0.761  1.068 
IBA  0.278  0.044  0.761  1.083 
ALGINATE/IBA  0.278  0.063  0.761  1.102 
ETERS'.  0.278  0.069  0.761  1.108 
PIPO  PSB  CONTROL  0.226  0  0.761  0.987 
323 
ETEREL  0.226  0.069  0.761  1.056 
IBA  0.226  0.044  0.761  1.031 
LAOC  PSB  CONTROL  0.281  0  0.761  1.042 
323 
IBA  0.281  0.044  0.761  1.086 
ALGINATE/IBA  0.281  0.063  0.761  1.105 
1Seedling Cost (SC) = Cost to purchase, prepare site and plant species,

stock and treatment
 
= (Seedling + Treatment + Planting) + Administration.
 
There PSNI-I=Interior Douglas-fir, PSNE-C=Coastal Douglas-fir,
 
PIPO=Ponderosa Pine and LAOC=  Western Larch.
 
'See Appendix Table A-14 for Cost Analysis Assumptions.
 TABLE 4-8: Correlations between endogenous root IAA concentrations and characteristics
 
of Douglas-fir, Englemann Spruce and Lodgepole Pine at Durrand Creek (*p=0.01).
 
FEATURE  DOUGLAS-FIR  ENGLEMANN SPRUCE  LODGEPOLE PINE
 
FALL 1988  SPRING 1989  FALL 1988  SPRING 1989  FALL 1988  SPRING 1989
 
FREE'  I BOUND2  FREE  IBOUND  FREE  BOUND  FREE  BOUND  FREE  BOUND  FREE  BOUND
 I I  I
 
HEIGHT 1988  0.130  0.325  - - 0.455  0.418  - - 0.051  0.057  - -
HEIGHT 1989  0.359  0.469*  0.180  0.045  0.489*  0.396  0.239  0.481  0.036  0.400  0.597*  0.460* 
DIAMETER 1988  0.386  0.576*  - - 0.368  0.272  - - 0.414  0.315  - -
DIAMETER 1989  0.085  0.257  0.240  0.292  0.642*  0.532*  0.509*  0.513*  0.243  0.276  0.056  0.217 
INCREMENT  0.420*  0.533*  - - 0.483  0.387  - - 0.289  0.473  - -
1988 
INCREMENT  0.569*  0.632*  0.398  0.320  0.559*  0.469  0.133  0.069  0.001  0.217  0.166  0.205 
1989 
HEIGHT GROWTH  0.489*  0.407  0.559*  0.561*  0.654*  0.599*  0.361  0.589*  - - - -
RATE 
DIAMETER  0.598*  0.694*  0.448  0.440  0.183  0.093  0.257  0.035  0.225  0.227  0.214  0.356 
GROWTH RATE 
SURVIVAL 1988  0.483*  0.468*  - - 0.091  0.080  - - 0.319  0.293  - -
SURVIVAL 1989  0.611*  0.598*  0.453  0.382  0.229  0.245  0.127  0.056  0.363  0.404  0.156  0.008 
ROOT DRY  0.651*  0.574*  0.645* 0.611*  0.557* 0.471*  0.278  0.532*  0.003  0.005  0.442*  0.885* 
WEIGHT 1988  - '
 
IFREE= free IAA and 280UND= ester conjugates of IAA.
 TABLE 4-9: Correlations between endogenous root IAA and morphological features of
 
Seedlings at Boston Bar (p=0.01).
 
FEATURE  PSME-I  PIPO  LAOC 
FREE IAA  IAA-ESTER  FREE IAA  IAA-ESTER  FREE IAA  IAA-ESTER 
CONJUGATE  CONJUGATE  CONJUGATES 
S  S 
HEIGHT 1988  0.152  0.357  0.683*  0.532*  0.617*  0.636* 
HEIGHT 1989  0.762*  0.861*  0.782*  0.649*  0.683*  0.645* 
HEIGHT GROWTH RATE  0.691*  0.663*  0.381  0.199  0.256  0.206 
INCREMENT 1988  0.238  0.402  0.193  0.003  0.785*  0.892* 
INCREMENT 1989  0.597*  0.630*  0.713*  0.924*  0.468  0.513* 
DIAMETER 1988  0.121  0.327  0.790*  0.798*  0.704*  0.667* 
DIAMETER 1989  0.815*  0.721*  0.732*  0.786*  0.533*  0.764* 
DIAMETER GROWTH RATE  0.835*  0.699*  0.744*  0.742*  0.593*  0.615* 
ROOT DRY WEIGHT 1988  0.789*  0.877*  0.891*  0.687*  0.590*  0.692* 
SHOOT DRY WEIGHT  0.721*  0.820*  0.778*  0.645*  0.546*  0.531* 
1988 
ROOTS > 1.0 cm  0.601*  0.753*  0.786*  0.699*  0.797*  0.777* 
ROOTS < 1.0 cm  0.091  0.122  0.157  0.341  0.843*  0.781* 
SURVIVAL 1988  0.227  0.095  - - - -251 
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SUMMARY AND CONCLUSIONS
 
Conifer seedlings grown in container or bareroot
 
nurseries in the Pacific Northwest region of the U.S. and
 
Canada are targeted for outplanting sites that are quite
 
diverse and frequently very harsh in terms of slope,
 
degree of soil disturbance, amount of organic debris on
 
the surface, and being subject to extremes of temperature
 
and moisture.  Only seedlings of the highest quality have
 
any chance of survival on such sites.  While all the
 
attributes of "high quality" seedlings are not known, the
 
main one focused on by nurserymen and foresters is root
 
regeneration capacity or root growth capacity.  Seedlings
 
with high root growth capacity are considered to be of
 
high quality.  Nursery production practices, however, are
 
often such that root growth capacity, when seedlings are
 
outplanted in the spring, is reduced.  When seedlings with
 
low quality (i.e. low root growth capacity) are
 
outplanted, they usually fail to survive.  The research
 
for this thesis was motivated by the need to develop
 
seedling treatments that might increase the quality of
 
seedlings that would otherwise grow poorly or not survive
 
at all when outplanted because they were not of high
 
enough quality for a particular planting site.  In other
 
word, the research was aimed at identifying treatments
 
that would increase the root growth of seedlings by
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altering the level of endogenous IAA in roots (levels
 
hypothesized to be too low to support new root growth).
 
This research focused on two treatment approaches that had
 
good theoretical potential to affect root growth processes
 
mediated by plant growth regulators, either via
 
biologically-produced IAA or ethylene from ectomycorrhizal
 
symbioses, or by exogenous application of plant growth
 
regulating materials to the roots.  In either approach,
 
the objective was to increase the endogenous IAA content
 
to a level above the mimimum threshold required to
 
generate new roots.  To strengthen the application of the
 
results, treatments were applied to a range of conifer
 
species and evaluations were made under different
 
outplanting conditions.
 
The experiments clearly showed a wider range of in
 
vitro IAA and ethylene production capacity for mycorrhizal
 
fungi than had been previously demonstrated.  The range
 
was large enough to group the fungi into high, medium, and
 
low producers of ethylene or IAA.  Some fungi were high
 
producers of both hormone.  The hypothesis that
 
ectomycorrhizal fungi with different capacity to produce
 
either IAA or ethylene in vitro would differentially
 
affect the endogenous IAA content of roots in the
 
symbiotic state was not consistently validated.  High IAA
 
or ethylene producers did not alwasys cause higher
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endogneous IAA in roots than low producers.  The
 
relationship appeared to be dependent of the genetics,
 
physiological state, developemental age and site
 
characteristics of the tree species being evaluated.
 
However, there were enough positive correlations between
 
IAA or ethylene production capacity and increased
 
endogenous IAA content of roots to suggest that such a
 
relationship can and does exist even though it was not
 
always apparent in these experiments.  The evidence
 
suggesting that high ethylene production by some fungal
 
symbionts induced increased endogenous IAA in roots was
 
necessarily inconclusive since those fungi could also have
 
been high IAA producers in symbiosis.  However, in other
 
experiments where ethylene was applied directly to roots
 
in the form of Ethrel, endogenous root IAA was increased,
 
verifying that ethylene induction of IAA does exist.  Thus
 
ecotmycorrhizal fungi may cause increased levels of IAA by
 
producing IAA in mycorrhizal root tissues, by producing
 
ethylene that increases host production of IAA, or by some
 
other means of inducing host-produced IAA, either in the
 
roots or elsewhere and transported to the roots.
 
The induction of elevated IAA content in the roots by
 
ectomycorrhizal fungi was not consistently correlated to
 
the capacity of different fungi to produce IAA or ethylene
 
in vitro.  Nevertheless, it was clear that these fungal
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symbionts did cause increased IAA in roots by some means.
 
Perhaps production capacity of these plant growth
 
regulators in the root tissues is not accurately reflected
 
by in vitro studies.  Low producers in vitro may be high
 
producers in the symbiosis.
 
There were also inconsistent correlations between
 
increased IAA content of roots and increased growth of
 
treated seedlings, but generally root growth was
 
increased.  Even more inconsistent correlations occurred
 
between enhanced IAA content or roots and increased growth
 
and survival.  In general, mycorrhizal inoculation in the
 
nursery affected growth less during the seedling
 
production year than during the outplant season,
 
presumably because of the greater range of environmental
 
stresses that could affect the seedlings after outplanting
 
than in the container production nursery.  It was
 
difficult to make much assessment of survival in most of
 
the experiments because survival was so high, unlike that
 
which normally occurs in commercial outplantings on
 
similar sites.  Presumably the careful handling of
 
seedlings in the experimental plots was unlike that which
 
normally occurs in commercial plantings.  Thus the site
 
attributes were frequently not influential enough to have
 
the benefits of inoculation with mycorrhizal fungi be
 
apparent.  On some sites, environmental conditions were so
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extreme that increased mortality appeared to mask any
 
effects from treatments.
 
The second approach of exogenous application of root-

stimulating materials to outplanted seedlings was
 
effective with some materials applied to some tree species
 
some of the time.  The materials generally did increase
 
the endogenous IAA content of treated roots, however,  so
 
part of the hypothesis being tested was validated.  As
 
with the inoculations with mycorrhizal fungi, however, the
 
genetic, physiological, developmental and environmental
 
factors seemed to cause variation in between species
 
responsiveness to treatments.  It is possible that the
 
assumption that increasing endogenous IAA content of roots
 
would increase root regeneration was not correct.  Perhaps
 
an important requirement would be that the treated tissues
 
be receptive or sensitive to the applied plant growth
 
regulator; if the tissues were not receptive at the time
 
of treatment, no response could be expected.  These and
 
other uncontrolled variables in these experiments might
 
have precluded any consistency and therefore complete
 
validation of the main hypothesis.
 
From an applied point of view, the research reported
 
here emphasized the future possibilities of increasing
 
root growth and survival of conifer seedlings by
 
manipulating plant growth regulator mediation of root
 260 
growth.  To better achieve this goal, however, we need
 
better understanding of the interactions between
 
mycorrhizal fungi and roots at the cellular level.  These
 
relationships are complex and in these studies appeared to
 
be contradictory in some instances.  Undoubtedly, the
 
hypothesis that guided this research was too simplistic
 
(or generaly) as stated and will need to be modified to
 
accomodate the variable encountered in this study.  The
 
results presented here suggest, however, that there is
 
either direct or indirect mediation of conifer root growth
 
by mycorrhizal fungal-produced and/or induced plant growth
 
regulators.  Furthermore, exogenously applied plant growth
 
regulators can increase endogenous IAA content and root
 
growth.  But the simplistic hypothesis explored here may
 
not hold true in all situations, since plant growth
 
regulator relationships have evolved through natural
 
selection to function in some ecosystems, while other
 
mechanisms may be of more consequence in others.  The
 
sorting out of optimal tree species-mycorrhizal fungal
 
relationships over longer periods of time in the
 
outplanting site or forest may occur because of the great
 
number of fungi that could associate with tree roots
 
within an ecosystem.  We need to know more than we do now
 
before we can select in a predictive way which fungi are
 
the best associates for the purpose of enhanced root
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growth at outplanting.  In a parallel way, the precise
 
concentration of root-inducing IAA in roots in
 
relationship to exogenously applied hormone materials
 
needs to be considerably refined compared to the single
 
and probably non-optimal dosage treatments used here.
 
Nonetheless, this was a logical and successful beginning
 
that encourages future research to discover finer details.
 262 
BIBLIOGRAPHY
 
Abeles, F.B. 1973. Ethylene in plant biology. Academic
 
Press. N.Y.
 
Achilea, 0., Fuchs, Y., Chalutz, E. and I. Rot. 1985. The
 
contribution of host and pathogen to ethylene biosynthesis
 
in Penicillium digitatum infected citrus fruit. Physiol.
 
P1. Pathol. 27:55-63.
 
Adams, D.O. and S.F. Yang. 1979.  Ethylene biosynthesis;
 
Identification of 1-aminocyclopropane-l-carboxylic acid as
 
an intermediate in the conversion of methionine to
 
ethylene. Proc. Nat. Acad. Sci. U.S.A. 76:170-174.
 
Alexander, I. 1986.  Growth and nitrogen uptake rates of
 
ectomycorrhizal spruce seedlings. IN: Proceedings of the
 
1st European Conference on Mycorrhizae, Nancy, France.
 
Alexander, I.J. 1981.  The Picea sitchensis and Lactarius
 
rufus mycorrhizal association and its effects on seedling
 
growth and development.  Trans. Brit. Mycol. Soc. 76:417.
 
Alexander, I.J. and K. Hardy. 1981. Surface Phosphatase
 
Activity of Sitka Spruce mycorrhizae from a serpentine
 
site.  Soil Biol. Biochem. 13:301-305.
 
Allen, M.F. 1991.  The Ecology of Mycorrhizae.  Cambridge
 
University Press.
 
Allen, M.F. 1984.  Phytohormone action.  An integrative
 
approach to understanding diverse mycorrhizal responses.
 
IN: 6th North American Conference on Mycorrhizae. Bend,
 
OR.
 
Allen, M.F., Moore, T.S. and Christensen, M. 1980.
 
Phytohormone changes in Bouteloua gracilis infected by
 
VAM. I. Cytological increases in host plant. Can. J. Bot.
 
58:371-374.
 
Allen, M.F., Moore, T.S. and Christensen, M. 1982.
 
Phytohormone changes in Bouteloua gracilis infected by
 
VAM. II. Altered levels of Gibberellin-like substances and
 
Abcissic Acid in host plant.  Can. J. Bot. 468-471.
 
Alvarez, I.F. and R.G. Linderman. 1983.  Effects of
 
ethylene and fungicide dips during cold storage on root
 
regeneration and survival of western conifers and their
 
mycorrhizal fungi.  Can. J. For. Res. 13:962-971.
 263 
Alvarez, I.F., Rowney D.L. and F.W. Cobb, Jr. 1979.
 
Mycorrhizae and growth of white fir seedlings in mineral
 
soil with and without organic layers in a California
 
forest.  Can. J. For. Res. 9:311-315.
 
Alvarez, I.F. and J.M. Trappe. 1983.  Effects of
 
application rate and cold soaking pre-treatment of
 
Pisolithus tinctorius spores on effectiveness as nursery
 
inoculum on western conifers.  Can. J. For. Res. 13:533.
 
Ames, R.W. 1987.  Mycorrhizosphere morphology and
 
microbiology. IN: Mycorrhizae in the next decade,
 
Practical Applications and Research Priorities. ed. D.M.
 
Sylvia, L.L. Hung and J.H. Graham. pp. 181-183, IFAS,
 
Gainesville, FL.
 
Axelrood-McCarthy, P.E. and R.G. Linderman. 1981.
 
Ethylene production by cultures of Cylindrocldium
 
floridanum and C. scoparium. Phytopath. 71:825-830.
 
Azcon, R., Azcon de Aguilar, C. and J.M. Barea. 1978.
 
Effects of plant hormones present in bacterial cultures on
 
the formation and responses to VA endomycorrhiza. New
 
Phytol. 80:359-364.
 
Azcon, R. and J.M. Barea. 1975.  Synthesis of Auxins,
 
Gibberellins and Cytokinins by Azotobacter vinlandii and
 
A. beijikii related to effects on tomato plants.  Plant
 
and Soil 43:609-619.
 
Azcon, R., Barea J.M. and D.S. Hayman. 1976. Utilization
 
of rock phosphate in alkaline soils by plants inoculated
 
with mycorrhizal fungi and phosphate solubilizing
 
bacteria.  Soil Biol. and Biochem. 8:135-138.
 
Azcon, R., DeAquilar, A.G. and J.M. Barea. 1978.  Effects
 
of plant hormones present in bacterial cutlures on the
 
formation and responses to vesicular-arbuscular
 
mycorrhiza. New Phytol. 80:359-364.
 
Azcon, B., Marin, A.D. and J.M. Barea. 1975. Plant and
 
Soil 43:609-619.
 
Azcon-Aguilar, C. and J.M. Barea. 1981. Soil Biol. and
 
Biochem. 13:19-22.
 
Azcon, R., Marin, A.D. and J.M. Barea. 1978.  Comparative
 
role of phosphate in soil or inside the host on the
 
formation and responses of endomycorrhiza.  Plant and Soil
 
49:561-567.
 264 
Bair, N.W. and J.D. Otta. 1981.  Outplanting survival and
 
growth of Ponderosa Pine seedlings inoculated with
 
Pisolithus tinctorius in South Dakota. J. For. Sc. 26:529­
536.
 
Bagyaraj, D.J. and J.D. Menge. 1978.  Interaction between
 
VA-Mycorrhiza and Azotobacter and their effects on the
 
rhizosphere microflora and plant growth. New Phytol.
 
80:567-573.
 
Barbieri, P., Zanelli, T., Galli, E. and G. Zanetti. 1986.
 
Wheat inoculation with Azosprillum brasilense Sp6 and some
 
mutants altered in nitrogen fixation and indole-3-acetic
 
acid production.  FEMS Microbiol. Letters. 36:87-90.
 
Barea, J.M. and C. Azcon-Aguilar. 1982.  Interactions
 
between mycorrhizal fungi and soil microorganisms In: Les
 
Mycorrhizes: Biologie et utilisation. INRA Pub. Dijon,
 
France.
 
Barea, J.M. and M.E. Brown. 1975. J. Appl. Bact. 37:583­
593.
 
Bashan, Y. 1986. Significance of timing and level of
 
inoculation with rhizosphere bacteria on wheat plants.
 
Soil Biol. Biochem. 18:287-301.
 
Beckford, P.R., Adams, R.E. and D.W. Smith. 1980.  Effect
 
of Nitrogen Fertilizer on Growth and Ectomycorrhizal
 
formations of Red Oak. For. Sci. 26:529-536.
 
Berry, C.R. and D.H. Marx. 1978.  Effects of Pisolitus
 
tinctorius ectomycorrhizae on growth of Loblolly and
 
Virginia Pines in the Tennessee Copper Basin. U.S.D.A.
 
For. Ser. Res. Note SE-264.
 
Beyer, E.M., Jr. 1976.  A potent inhibitor of ethylene
 
action in plants.  P1. Physiol. 58:268-271.
 
Billington, D.C., Golding, B.T. and S.B. Primrose. 1979.
 
Biosynthesis of ethylene from methionine.  Isolation of
 
the punitive intermediate 4-methylthio-2-oxabutanoate from
 
culture fluids of bacteria and fungi. Biochem. J. 182:827­
836.
 
Bjorkman, E. 1970. Forest tree mycorrhiza - the condition
 
for its formation and the significance for tree growth and
 
afforestation. Plant and Soil 32:589-610.
 265 
Black, C.H. 1984.  Effects and interactions of slash
 
during mycorrhizal infection of Douglas-fir seedling on
 
growth and morphology.  Abstract IN: Proceedings of the
 
6th North American Conference on Mycorrhizae.  Bend, OR.
 
Blake, T.J. and D.M. Reid. 1981.  Ethylene, water
 
relations and tolerance to waterlogging of three
 
Eucalyptus spp. Aus. J. P1. Phys. 8:497-505.
 
Bledsoe, C.S. and D.W. Bair. 1981.  Cation uptake by
 
Douglas-fir seedlings grown in soil culture.  Can. J. For.
 
Res. 11:812-816.
 
Bonsack, C.W. and L.S. Albert. 1977. Early effects of
 
Boron deficiency on IAA oxidase levels of squash root
 
tips.  Pl. Physiol. 59:104701050.
 
Bowen, G.D. 1973. Mineral nutrition of ectomycorrhizae.
 
IN:Ectomycorrhizae: Their Ecology and Physiology. G.C.
 
Marks and T.T. Kozlowski. eds. p. 151-197. Acad. Press.
 
N.Y.
 
Bowen, G.D. 1969.  Nutrient status effect on loss of
 
amides and amino acids from pine roots.  Plant and Soil
 
30:139-142.
 
Bowen, G.D., Skinner, M.G. and D.I. Bevege. 1974. Zinc
 
uptake by mycorrhizae and uninfected roots of Pinus
 
radiata and Araucaria cunninghamii. Soil Biol. Biochem.
 
6:141-144.
 
Bowen, G.D. and C. Theodorou.  1979.  Interactions between
 
bacteria and ectomycorrhizal fungi.  Soil Biol. and
 
Biochem. 11:119-126.
 
Branzanti, B., Cristoferi, G., Zocca, A. and A.
 
Zambonelli. 1984.  Ectomycorrhizal fungi and IBA effects
 
on fruit rootstock rooting.  Abstract IN: Proceedings of
 
the 6th North American Conference on Mycorrhizae. Bend,
 
OR.
 
Brenner, M.L. 1981.  Modern methods for plant growth
 
substance analysis. Ann. Rev. P1. Physiol. 32:511-538.
 
Brenner, M.L. 1979.  Advances in analytical methods for
 
plant growth substance analysis. IN: Plant Growth
 
Substances. N.B. Mandava. ed. pp. 215-244. Amer. Chem.
 
Soc. Wash. D.C.
 266 
Brix, A.R. 1979.  Effects of plant water stress on
 
photosynthesis and survival of four conifers.  Can. J.
 
For. Res. 9:160-165.
 
Brown, A.C. and W.A. Sinclair.  1981. Colonization and
 
infection of primary roots of Douglas-fir seedlings by the
 
ectomycorrhizal fungus Laccaria laccata. For. Sci. 27:111­
124.
 
Brown, M.E. 1976.  Role of Azotobacter paspali in
 
association with Paspalum notatum. J. Appli. Bact. 40:341­
348.
 
Brown, M.E. 1972.  Plant Growth Substances produced by
 
microorganisms of soil and rhizosphere. J. Appl. Bact.
 
35:443-451.
 
Burdett, A.N. 1984.  New methods for measuring root growth
 
capacity: their value in assessing Lodgepole pine stock
 
quality. Can. J. For. Res. 9:63-67.
 
Buxton, G.F., Cyr, D.R., Dumbroff, E.B. and D.P. Webb.
 
1985.  Physiological responses of three northern conifers
 
to rapid and slow induction of moisture stress.  Can. J.
 
Bot. 63:1121-1176.
 
Caruso, J.L., Smith, R.G., Smith, L.M., Cheng T.-Y. and
 
G.D. Davies, Jr. 1978.  Determination of indole-3-acetic
 
acid in Douglas-fir using deuterated analog and selected
 
ion monitoring. P1. Physiol. 62:841-845.
 
Carlson, W.C. and M.M. Larson. 1977.  Changes in auxin and
 
cytokinin activity in roots of red oak, Quercus rubra,
 
seedlings during latera root formation. Physiol. P1.
 
41:162-166.
 
Castellano, M.A. and J.M. Trappe. 1985.  Ectomycorrhizal
 
formation and plantation performance of Douglas-fir
 
nursery stock inoculated with Rhizopogon spores.  Can. J.
 
For. Res. 15:613-617.
 
Castellano, M.A., Trappe, J.M. and R. Molina. 1985.
 
Inoculation of container grown Douglas-fir with
 
basidiospores of Rhizopogon vinicolor  and Rhizopogon
 
colossus: effects of fertility on spore application rate.
 
Can. J. For. Res. 15:10-13.
 
Chalutz, E., Lieberman, M. and H.D. Sisler. 1977.
 
Methionine induced Ethylene production by Penicillium
 
digitatum. P1. Pathol. 60:402-406.
 267 
Chalutz, E., Matto, A.R. and J.D. Anderson. 1984.
 
Ethylene biosynthesis in tobacco leaf discs in relation to
 
ethylene treatment, cellulysin application and fungal
 
infection. pp. 101-188. IN: Ethylene: Biochemistry,
 
Physiology and Applied Aspects.  Y. Fuchs and E.
 
Chalutz,eds., Martinus Nijhoff/Junk Pub. The Hague.
 
Chavasse, C.G. 1980.  Planting stock quality:  a review of
 
factors affecting performances.  New Zealand J. For. Sci.
 
25:144-171.
 
Chilvers, G.A. and L.W. Gust. 1982.  Comparison between
 
the growth rates of mycorrhizas, uninfected roots and a
 
mycorrhizal fungus of Eucalyptus st.johnii R.T. Bak. New
 
Phytol. 91:453-466.
 
Chilvers, G.A. and C.D. Pryor. 1965.  The structure of
 
eucalypt mycorrhizas.  Aust. J. Bot.  13:245-259.
 
Christy, E.J., Sollins, P. and J.M. Trappe. 1982. First
 
year survival of Tsuga heterophylla without mycorrhizae
 
and subsequent ectomycorrhizal development on decaying
 
logs and mineral soil. Can. J. Bot. 60:1601-1605.
 
Cline, M.. and C.P.P. Reid. 1982.  Seed source and
 
mycorrhizal fungus effects on growth of container Pinus
 
contorts and P. ponderosa seedlings.  For Sc. 28:237-250.
 
Cohen, J.D., Baldi, J.P. and J.P. Slovin. 1986.  A new
 
internal standard for quantitative mass spectral analysis
 
of Indole-3-Acetic Acid in plants. Pl.Physiol. 80:14-19.
 
Coleman, M.D., Bledsoe, C.S. and B.A. Smith. 1990. Root
 
hydraulic conductivity and xylem sap levels of zeatin
 
riboside and abscissic acid in ectomycorrhizal Douglas-fir
 
seedlings.  New Phytol. 115:275-284.
 
Coleman, L.W. and C.F. Hodges. 1986.  The effect of
 
methionine on ethylene and 1-aminocyclopropane-1­
carboxylic acid production by Biopolaris sorokiniana.
 
Phytopath. 76:851-856.
 
Crafts, C.B. and C.O. Miller.  1974.  Detection and
 
identification of cytokinins produced by mycorrhizal
 
fungi.  Plant Physiol. 54:586-588.
 268 
Cristoferi, G., Branzanti, B. and Zocca, A. 1985. Role of
 
mycorrhizae on fruit rootstock rooting. IN: Proceedlings
 
of the 1st Symposium on Mycorrhizae. V. Gianinazzi-Pearson
 
and S. Gianinazzi. eds. pp. 483-488.  Institut National de
 
la Recherche Agronomique, Dijon, France.
 
Cordell, C.D. and D.H. Marx. 1977.  Mycorrhizae + Tree
 
Seedlings = Increased Southern Timber Production.
 
Southern Lumberman 234(2907): 11-12.
 
Crozier, A., Loferski, K., Zoen, J.B. and R.O. Morris.
 
1980. Analysis of picogram quantities of indole-3-acetic
 
acid by high-performance liquid chromatography-

fluorescence procedures.  Planta 150:366-370.
 
Curl, E.A. and G. Truelove. 1986.  The Rhizosphere.
 
Springer-Verlag.
 
Danielson, R.M., Griffiths, G.L. and D. Parkinson. 1984.
 
Effects of fertilization on the growth and mycorrhizal
 
development of container grown Jack Pine seedlings.  For.
 
Sci. 30:828-835.
 
Danielson, R.M. and J. Visser. 1988.  Ectomycorrhizae of
 
Jack Pine and Green Alder:  Assessment of the need for
 
inoculation, development of inoculation techniques and
 
outplanting trials on Oil Sand Tailings.  Report RRTAC 88­
5.  Alberta Land Conservation and Reclamation Council,
 
Edmonton, Canada.
 
David, A., Faye, M. and M. Ranciliac. 1983.  Influence of
 
auxin and mycorrhizal fungi on the in vitro formation and
 
growth of Pinus pinaster roots.  Plant and Soil 71:501­
505.
 
Davies, P.J. 1987.  Plant Hormones and their role in Plant
 
Growth and Development.  Martinus Nijhoff Pub. Boston.
 
682p.
 
Dehne, H.W. 1986.  Untersuchungen zum Einfluss von
 
Pflanzenbehan Hungsmittel auf das Auftreten der VA-

Mykorrhiza.  Meddelingen van de Faculteit
 
Landbouwwetenschappen Rijksuniversitet Gent. 51:465-475.
 
DeYoe, D.R. and J.B. Zaerr. 1976.  Indole-3-Acetic Acid in
 
Douglas-fir.  Plant Physiol. 58:299-303.
 269 
Dixon, R.K., Garrett, H.E., Cox, G.S., Johnson,  P.S., and
 
I.L. Sander.  1981.  Containerized and nursery grown black
 
oak seedlings inoculated with Pisolithus tinctorius:
 
Growth and ectomycorrhizal development following
 
outplanting in an Ozark clear-cut.  Can. J. For. Res.
 
11:482-496.
 
Dixon, R.K., Garrett, H.E., Bixby, J.A., Cox, G.S. and
 
J.S. Thompson. 1981.  Growth, ectomycorrhizal development
 
and root soluble carbohydrates of black oak seedlings
 
fertilized by two methods.  For. Sc. 27:617-624.
 
Dixon, R.K., Wright, G.M., Behrns, G.T., Teskey, R.O. and
 
T.M. Hinkley. 1980.  Water deficits and root growth of
 
ectomycorrhizal white oak seedlings.  Can. J. For. Res.
 
10:545-548.
 
Dosskey, M.G., Linderman, R.G. and L. Boersma. 1990.
 
Carbon-sink stimulation of photosynthesis in Douglas-fir
 
seedlings by some ectomycorrhizas. New Phytol. 115:269-274
 
During, H. 1977.  Analysis of abscissic acid and indole-3­
acetic acid from fruits of Vitus vinifera L. by high
 
pressure liquid chromatography.  Experimentia 33:1666­
1667.
 
Duryea, M.L. 1984. Seedling Quality: importance to
 
reforestation In: Forest Nursery Manual:  Production of
 
Bareroot Seedlings.  M.L. Duryea and T.D. Landis (eds.).
 
Marinus Nijhoff/ Junk. Boston.
 
Edmonds, A.S., Wilson, J.M. and J.M. Harley. 1976.
 
Factors affecting potassium uptake and loss by beech
 
mycorrhizae.  New Phytol. 76:307-315.
 
Ek,M., Ljungquist, P.O. and E. Stenstrom 1983.  Indole-3­
Acetic Acid production by mycorrhizal fungi determined by

Gas Chromatography - Mass Spectrometry.  New Phytol.

94:401-407.
 
Fabijan, B., Taylor, J.S. and D.M. Reid. 1981.  Adventious
 
rooting in hypocotyls of sunflower.  II. Action of
 
gibberellins, cytokinins, auxins and ethylene.  Physiol.

Plant. 589-597.
 
Fassi, B., Jodic, R. and R. van den Driesche.  1972.
 
Matiere organique et mycorrhizes dans le development des

semis de Pinus strobus. Allonia 18:13-32.
 270 
Faye, M., David, A. and M. Rancillac.  1983.  Influence of
 
auxin and mycorrhizal fungi on the in vitro formation and
 
growth of Pinus pinaster roots.  Plant and Soil 71:501­
505.
 
Firn, R.D. 1986.  Plant Growth Substance Sensitivity:  the
 
need for clear ideas, precise terms and purposful
 
experiments.  Physiol. Plant. 67:267-272.
 
Ford, V.L., Torbert, J.L., Jr., Buger, J.A. and O.K.
 
Miller. 1985.  Comparative effects of four mycorrhizal
 
fungi on Loblolly pine (P. taeda) seedlings growing in a
 
greenhouse in a Piedmont soil.  Plant Soil 83: 215.
 
Fortin, J.A. 1970.  Interaction entre Basidiomycetes
 
mycorrhizateurs et racines de pin en presence d'acide
 
indol -3 -yl acetique.  Physiol. Plant. 23:365-371.
 
Fortin, J.A. 1967.  Action inhibitrice de l'acide 3­
indolyl-acetique sur la croissance de quelques
 
Basidiomycetes mycorhizateurs. Physiol. Plant. 20:528-532.
 
Frankenberger, W.T., Jr. and P.J. Phelan. 1985.  Ethylene
 
biosynthesis in soil. I. Method of assay in conversion of
 
1-aminocyclopropane-l-carboxylic acid to ethylene. Soil
 
Sci. Society of America J. 49:1416-1422.
 
Frankenberger, W.T., Jr. and M. Poth. 1987.  Biosynthesis
 
of indole-3-acetic acid by the pine ectomycorrhizal fungus
 
Pisolithus tinctorius. Appl. Environ. Micro. 53:2908-2913.
 
Fries, N. 1978.  Basidiospore germination in some
 
mycorrhiza forming Hymenomycetes.  Trans. Brit. Mycolog.
 
Soc. 70:319-325.
 
Gagnon, J., Langlois, C.G. and J.A. Fortin. 1988.  Growth
 
and ectomycorrhzal formation of containerized black spruce
 
seedlings as effected by nitrogen fertilization, inoculum
 
type and symbiont.  Can. J. For. Res. 18:922.
 
Gagnon, J., Langlois, C.G. and J.A. Fortin. 1987.  Growth
 
of containerized Jack Pine seed inoculated with different
 
ectomycorrhizal fungi under a controlled fertilization
 
schedule.  Can. J. For. Res. 17:840.
 
Garbay, J. and G.D. Bowen.  1989.  Stimulation of
 
ectomycorrhizal infection of Pinus radiate by some
 
microorganisms associated with the mantle of
 
ectomycorrhizae.  New Phytol. 112:383-388.
 271 
Gates, G.E. and J.D. Bilbro. 1978.  Illustration of a
 
cluster analysis method for mean separations.  Agronomy J.
 
70:462-464.
 
Gay, G. 1988.  Role des hormones fongiques
 
dansl'association ectomycorrhiziene.  Cryptogam. Mycol.
 
9:211-219.
 
Gay, G. 1986.  pH dependance of IAA synthesis and release
 
by an ectomycorrhizal fungus. IN: Mycorrhizae: Physiology
 
and Genetics. 1st European Sym. on Mycorrhizae, Dijon,
 
1985.
 
Gibson, M.S. and R.E. Young.  1963.  Acetate and other
 
carboxylic acids as precursors of ethylene.  Nature 210:
 
329-530.
 
Goldstein, M.J. 1990. Climate monitoring report for SX-90­
188V. Draft report presented to BC MOF Silviculture
 
Section, Vancouver Forest Region.
 
Graham, J.H. and R.G. Linderman. 1981  Inoculation of
 
containerized Douglas-fir with the ectomycorrhizal fungus
 
Cenococcum geophilum. For. Sc. 27:27-31.
 
Graham, J.H. and R.G. Linderman. 1981. Effect of ethylene
 
on root growth, ectomycorrhizae formation and Fusarium
 
infection of Douglas-fir. Can. J. Hot. 59:149-155.
 
Graham, J.H. and R.G. Linderman. 1980.  Ethylene
 
production by ectomycorrhizal fungi, Fusarium oxysporum
 
f.sp. pini, and by aseptically synthesized ectomycorrhizae
 
and Fusarium- infected Douglas-fir roots.  Can. J. Micro.
 
26:1340-1346.
 
Grenville, D.J., Piche, Y. and R.L. Peterson. 1985.
 
Scierotia as viable sources of mycelia for the
 
establishment of ectomycorrhizae.  Can. J. Micro. 31:1085.
 
Gunesekaran, M. and D.J. Weber. 1972.  Auxin production by
 
three phytopathogenic fungi.  Mycologia 64:1180-1189.
 
Hacskaylo, E. 1972.  Mycorrhiza: The ultimate reciprocal
 
parasitism? BioScience 22:577-582.
 
Harley, J.L. 1978.  Nutrient absorption by
 
ectomycorrhizae.  Physiolo. Veg. 16:533-545.
 
Harley, J.L. 1969.  The Biology of Mycorrhiza. Leonard
 
Hill, London. 334p.
 272 
Harley, J.L. and C.C. McCready. 1981. Phosphorus
 
accumulation in Fagus mycorrhizae.  New Phytol. 89:75-80.
 
Harley, J.L. and C.C. McCready. 1980. The relationship
 
between phosphorous absorption and oxygen uptake in

excised beech mycorrhizae.  New Phytol. 88:675-681.
 
Harley, J.L. and S.E. Smith. 1983.  Mycorrhizal Symbiosis.

Academic Press, London.
 
Harvey, A.E. 1980.  Ectomycorrhizal survival and activity
 
on residual roots after clearcutting. Can. J. for. Res.

10:300
 
Harvey, A.E., Jurgensen M.F. and M.J. Larsen. 1978.
 
Seasonal distribution of ectomycorrhizae in a mature
 
Douglas-fir/Larch forest soil in western Montana.  For.
 
Sc. 24:203-208.
 
Hatch, A.B. 1936.  The role of Mycorrhizae in
 
afforestation. J. For. 34:22-29.
 
Hemberg, T. and E. Tillberg. 1980.  The influence of
 
extraction procedure on yield of indole-3-acetic acid in
 
plant extracts. Physiol. Plant. 50:176-182.
 
Hirsch, A.M., Pengelly, W.L. and J.C.  Torrey. 1982.
 
Endogenous IAA levels in boron deficient and control root
 
tips of sunflower.  Bot. Gaz. 143:15-19.
 
Ho, I. 1986.  Comparison of eight Pisolithus tinctorius
 
isolates for growth rate,  enzyme activity and phytohormone

production.  Can. J. For. Res. 17:31-35.
 
Ho, I. and J.M. Trappe. 1979.  Interaction of VA
 
mycorrhizal fungus and a free-living nitrogen fixing

bacterium in growth of tall festcue.  Abstract IN:
 
Proceedings of the 4th North American Conference on
 
Mycorrhizae.  Fort Collins, Colorado.
 
Ho, I. and B. Zak. 1979.
 Acid Phosphatase Activity of six

ectomycorrhizal fungi.  Can. J. Bot. 57:1203-1205.
 
Horak, E. 1963.  Die Bildung von IES - Derivation durch
 
ectotrope Mykorrizapilze (Phlegmacium spp.)  von Picea
 
abies Karsten.  Phytopathol. Z. 51:491-515.
 273 
Hung, L.-L. and R. Molina. 1986.  Use of ectomycorrhizal
 
fungus Laccaria laccata in forestry III.  Effects of
 
commercially produced inoculum on container-grown Douglas-

fir and Ponderosa pine seedlings.  Can. J. For. Res.
 
19:802.
 
Hunt, R. 1982. Plant Growth Curves.  University Park
 
Press, Baltimore, MD.
 
Hussain, A. and V. Vancura. 1969.  Formation of
 
biologically active substances by rhizosphere bacteria and
 
their effect on plant growth.  Fol. Microbiol. 15:468-478.
 
Ilag, L. and R.W. Curtis. 1968.  Production of ethylene by
 
fungi.  Science. 159:1357-1358.
 
Jaffe, M.J. 1980.  Morphogenic responses of plants to
 
mechanical stimuli or stress.  Biosci. 30:239-243.
 
Jacobs, W.P. 1979.  Plant hormones and plant development.
 
Cambridge Univ. Press. Mass. 339p.
 
Jarvis, B.C. and A.I. Shaheed. 1986. Adventious root
 
formed in relation to the uptake and distrubution of
 
supplied auxin. New Phytol. 103:23-31.
 
Rain, A.G., Snow, G.A. and D.H. Marx. 1981.  The effects
 
of Benomyl and Pisolithus tinctorius ectomycorrhizae on
 
survival and growth of Longleaf Pine seedlings.  Southern
 
J. App. For. 5:189-195.
 
Kashyap, L.P. and V.L. Choppa. 1985.  Preponderance of
 
tryptophan auxotrophy in Azotobacter by nitrosomethyl
 
area.  Indian J. Ex. Biol. 23:658-660.
 
Katznelson, H., Rorbill, J.W. and E.A. Peterson.  1962.
 
The rhizosphere effect of mycorrhizal and non-mycorrhizal
 
roots of yellow birch seedlings.  Can. J. Bot. 40:377-382.
 
Kaufman, M.R. 1981.  Water relations during drought. IN:
 
Physiology and Biochemistry of drought resistance in
 
plants.  Academic Press. N.Y.
 
Kelly, R.J. and B.C. Moser. 1983.  Root regeneration of
 
Liriodendreon tulipifera in response to auxin, stem
 
pruning and environmental conditions.  J. Amer. Soc. Hort.
 
Sci. 108:1085-1090.
 274 
Kimmins, J.P. and B.C. Hawkes.  1978.  The distribution
 
and chemistry of fine roots in a white spruce-subalpine
 
fir stand in B.C.: Implications for management. Can. J.
 
For. Res. 8:265-279.
 
King, E.O. Ward, M.K. and D.E. Ramey. 1954.  Two simple
 
media for demonstration of pyocyanin and fluorescein. J.
 
Lab. Clin. Med. 44:301-307.
 
Kropp, B.R. 1982.  Formation of mycorrhizal and non­
mycorrhizal western hemlock outplanted on rotten wood and
 
mineral soil.  For. Sc. 28:706-710.
 
Kropp, B.R. 1982.  Rotten wood as mycorrhizal inoculum for
 
containerized western hemlock.  Can. J. For. Res. 12:428­
431.
 
Kropp, B.R., Castellano, M.A. and J.M. Trappe. 1985.
 
Preformance of outplanted western hemlock (Tanga
 
heterophylla (Raf.) Sarg.) seedlings inoculated with
 
Cenococcum geophilum. Tree Planters Notes 36:13-16.
 
Kropp, B.R. and J.A. Fortin. 1988.  The incompatability
 
system and relative ectomycorrhizal performance of
 
monokaryons and reconstituted dikaryons of Laccaria
 
bicolor. Can. J. Bot. 66:289-294.
 
Kropp, B.R. and C.G. Langlois.  1989.  Ectomycorrhiza in
 
forestry:  the current state of research and application.
 
Can. J. For. Res. 19.
 
Lamb, R.J. and B.N. Richards.  1980.  Inoculation of pines
 
with mycorrhizal fungi in natural soils (Effect of soil
 
fumigation on rate of infection and response to inoculum
 
density).  Soil Biol. Biochem. 10:273-276.
 
Lamb, R.J. and B.N. Richards.  1974.  Inoculation of pines
 
with mycorrhizal fungi in natural soils.  II.  Effects of
 
density and time of application of inouclum and
 
phosphorous amendment on mycorrhizal infection.  Soil.
 
Biol. Biochem. 6:167.
 
Lavender, D.P. and R.K. Hermann.  1970.  Regulation of the
 
growth potential of Douglas-fir seedlings during dormancy.
 
New Phytol. 69:675-794.
 
Ledig, F.T. 1974.  Concepts of growth analysis.  IN: Proc.
 
3rd North American Forest Biology Workconference. C.P.P.
 
Reid and G.H. Feehner, eds. Sept. 9-14, 1974.  Colorado
 
State Univ., Fort Collins. p166-182.
 275 
Le Tacon, F. and D. Bouchard. 1986.  Effects of different
 
ectomycorrhizal fungi on growth of Larch, Douglas-fir,
 
Scots pine and Norway spruce seedlings in fumigated
 
nursery soil.  Acta. Oecol. Appl. 7:389.
 
LeTacon, R., Jung, G., Michelot, P. and J. Mughier. 1984.
 
Efficiency in a forest nursery of an inoculum of an
 
ectomycorrhizal fungus produced in a fermentor and
 
entrapped in polymeric gels.  Abstract IN: Proceedings of
 
the 6th North American Conference on Mycorrhizae.  Bend,
 
Oregon.
 
LeTacon, R., Jung, G., Mugnier, J., Michelot, P. and C.
 
Mauperin. 1985.  Efficiency in a forest nursery of
 
ectomycorrhizal fungus inoculum produced in a fermentator
 
and entrapped in polymeric gels.  Can. J. Hot. 63:1664.
 
Levisohn, I. 1953.  Growth responses of tree seedlings to
 
mycorrhizal mycelia in the absence of mycorrhizal
 
association.  Nature (London) 172:316-317.
 
Levisohn, I. 1957.  Growth stimulation of forest tree
 
seedlings by the activity of free-living mycorrhizal
 
mycelia.  Forestry 29:53059.
 
Levit, J.L. 1980.  Response of plants to environmental
 
stresses. Vol. II. Water, radiation, salt and other
 
substances.  Academic Press, N.Y.
 
Li, C.Y. and M.A. Castellano. 1984.  Nitrogen-fixing
 
bacteria isolated from within sporocarps of three
 
ectomycorrhizal fungi.  Abstract IN: Proceedings of the
 
6th North American Conference on Mycorrhizae.  Bend,
 
Oregon.
 
Linderman, R.G. and C.A. Call. 1977. Enhanced rooting of
 
woody plant cuttings by ectomycorrhizal fungi.  J. Am.
 
Soc. Hort. Sci. 102:629-632.
 
Loper, J.E. and M.N. Schroth. 1986.  Influence of
 
bacterial sources of IAA on root elongation of sugar beet.
 
Phytopath. 76:386-389.
 
Lynch, J.M. 1974.  Mode of ethylene formation by Mucor
 
hiemalis. J. Gen. Microbiol. 83:407-411.
 
Lyr, H. and G. Hoffman.  1967..  Growth rates and growth
 
periodicity of tree roots.  Int. Rev. For. Res. 2:181-236.
 276 
Maghembe, J.A. and J.F. Redhead. 1984.  Growth and
 
ectomycorrhizal development of Pinus caribaea seedlings
 
inoculated with basidiospores of Scleroderma dictyosporum
 
in fertilized nursery soil in Tanzania.  For. Ecol.
 
Manage. 8: 221.
 
Marks, G.C. and T.T. Kozlowski. 1973.  Ectomycorrhizae:
 
Their Ecology and Physiology.  Academic Press, New York.
 
Marsehner, H. 1985.  Nahrstoffdynamik in dur Rhizosphare -

Eine ubersicht.  Her. Deutsch. Hot. Ges. Bd. 98:291-309.
 
Maronek, D.M. and J.W. Hendrix. 1980.  Synthesis of
 
Pisolithus tinctorius  ectomycorrhizae on seedlings of
 
four woody species.  J. Am. Soc. Hortic. Sci. 105:823.
 
Marx, D.H. 1981.  Variability in ectomycorrhizal
 
development and growth among isolates of Pisolithus
 
tinctorius as affected by source, age and reisolation.
 
Can. J. For. Res. 11:168-174.
 
Marx, D.H. 1969.  The influence of ectotrophic mycorrhizal
 
fungi on the resistance of pine roots to pathogenic
 
infections I: Antagonism of mycorrhizal fungi to root
 
pathogenic fungi and soil bacteria. Phytopathol. 59:153­
163.
 
Marx, D.H. and J.D. Artman.  1978.  Growth and
 
ectomycorrhizal development of Loblolly Pine seedlings in
 
nursery soil infested with Pisolithus tinctorius. U.S.D.A.
 
For. Ser. Res. Note SE-256.
 
Marx, D.H. and J.P. Barnet. 1974.  Mycorrhizae and
 
containerized forest tree seedlings.  IN: Proceedings of
 
the North American Containerized Forest Tree seedling
 
symposium, R.W. Tinus, W.I. Stein and W.E. Balmer (eds.)
 
Great Plains Agricultural Council Pub. #68, pp. 85-92.
 
Marx, D.H. and C.E. Cordell.  1988.  Specific
 
ectomycorrhizae improve reforestation and reclamation in
 
eastern United States.  IN: Proc. Canadian Workshop on
 
Mycorrhizae in Forestry.  Lalonde, M. and Y. Piche. eds.
 
Fac. Foresterie Geodesie, Univ. Laval, Ste. Foy, Quebec.
 
p. 75.
 277 
Marx, D.H., Cordell, C.E., Kenney, D.S., Mexal, J.G.,
 
Artman, J.D., Riffle, J.W. and R.J. Molina. 1984.
 
Commerical vegetative inoculum of Pisolithus tinctorius
 
and inoculation techniques for development of
 
ectomycorrhizae on bare-root seedlings.  For. Sci. Monogr.
 
25:101.
 
Marx, D.H., Hatch, A.B. and J.F. Mendicino. 1977.  High
 
soil fertility, low sucrose content and susceptibility of
 
Loblolly pine roots to ectomycorrhizal infection by
 
Pisolithus tinctorius.  Can. J. Bot. 55:1569-1574.
 
Marx, D.H., Jari, K., Ruehle, J.J. and W. Bell.  1984.
 
Development of Pisolithus tinctorius ectomycorrhizae on
 
pine seedlings using basidiospore encapsulated seeds.
 
For. Sci. 30:897.
 
Marx, D.H. and D.S. Kenney. 1982.  Production of
 
ectomycorrhizal fungal inoculum. IN: Methods and
 
Principles of Mycorrhizal Research. N.C. Schenck. ed. pp.
 
131-146. Amer. Phytopathol. Soc. St. Paul, Minn.
 
Marx, D.H., Morris, W.G. and J.G. Mexal. 1978.  Growth and
 
Ectomycorrhizal development of Loblolly Pine seedlings in
 
fumigated and non-fumigated nursery soils infested with
 
different fungal symbionts.  For. Sc. 24:193-203.
 
Marx, D.H. and S.J. Rowan.  1981.  Fungicide influence on
 
growth and development of specific ectomycorrhizae on
 
Loblolly Pine seedlings.  For. Sc. 27:167-176.
 
Marx, D.H., Ruehle, J.L., Kenney, D.S., Cordell, C.E.,
 
Riffle, J.W., Molina, R.J., Rawuk, W.H., Navratil, S.,
 
Tinus, R.W. and O.C. Goodwin.  1982.  Commercial
 
vegetative inoculum of Pisolithus tinctorius and
 
inoculation techniques for development of ectomycorrhizae
 
on container grown tree seedlings.  For. Sci. 28:373.
 
Mac Dougal, D.J. and J.D. Dufrenoy. 1944. Mycorrhizal
 
symbiosis in Aplectrum, Corallorhiza, and Pinus. Pl.
 
Physiol. 19:440-465.
 
Mac Dougal, D.J. and J.R. Hillman. 1978.  Analysis of
 
indole-3-acetic acid using gas chromatography-mass
 
spectrometry techniques. IN: Isolation of Plant Growth
 
Substances. J.R. Hillman. ed. pp. 1-15. Cambridge Univ.
 
Press, Mass.
 278 
Mason, P.A., Wilson, J., Last, F.T. and C. Walker.  1983.
 
The concept of succession in relation to the spread of
 
sheathing mycorrhizal fungi on inoculated tree seedlings
 
growing in unsterile soils.  Plant Soil 71:247.
 
Melin, E. 1923.  Experimentelle Untersuchungen uber die
 
Ronstitution and Okologie der Mykorrhizen von Pinus
 
sylvestris and Picea abies.  Mykol. Unters. Ber. 2: 273­
331.
 
Meyer, F.H. 1974.  Physiology of Mycorrhizae. Ann. Rev.
 
P1. Physiol. 25:567-586.
 
Mikola, P. 1973.  Application of mycorrhizal symbiosis in
 
forestry practice. IN: Ectomycorrhizae: their Ecology and
 
Physiology, Marks, G.C. ed.
 
Mikola, P. 1965.  Studies on the ectendotrophic mycorrhiza
 
of pine. Acta. For. Fenn 75:1.
 
Miller, A., Walsh, C.S. and J.D. Cohen. 1990. Measurement
 
of Indole-3-Acetic Acid in peach fruits (Prunus persica L.
 
Batsch cv Redhaven) during development.. P1. Physiol.
 
84:491-494.
 
Miller, A., and L.W. Roberts. 1984. Regulation of
 
tracheary element differentiaion by exogenous L-MET in
 
callus of soya bean cultures.  Ann. Bot. 50:111-116.
 
Mitchell, R.J. 1984.  The effect of Boron fertilization
 
and mycorrhizal inoculation on infection, growth, mineral
 
nutrition and indole-3-acetic acid concentrations of
 
container grown shortleaf pine (Pinus echinata Mill.). PhD
 
Thesis.  Univ. of Missouri-Columbia. 135p.
 
Mitchell, R.J., Atalay, A., Cox, G.S. and H.E. Garrett.
 
1984.  Boron and ectomycorrhizal influences on IAA and IAA
 
oxidase activity.  Abstract IN: Proceedings of the 6th
 
North American Conference on Mycorrhizae.  Bend, Oregon.
 
Mitchel, R.J., Garrett, H.E., Cox, G.S. and A. Atalay.
 
1986.  Boron and ectomycorrhizal influences on indole-3­
acetic acid levels and indole-3-acetic acid oxidase and
 
peroxidase activities of Pinus echinata roots.  Tree
 
Physiology 1:1-18.
 279 
Mitchell, R.J., Mawhinney, T.P., Cox, G.S., Garrett, H.E.
 
and J.A. Hopfinger.  1984.  Analysis of indole-3-acetic
 
acid by reversed phase preparative ion suppression and
 
analytical ion pair high performance liquid
 
chromatography.  J. Chromatography. 284:494-498.
 
Molina, R. 1982.  Use of ectomycorrhizal fungus Laccaria
 
laccata in forestry.  I. Consistency between isolates in
 
effective colonization of containerized conifer seedlings.
 
Can. J. For. Res. 12:469-475.
 
Molina, R. 1980.  Ectomycorrhizal inoculation of
 
containerized western conifer seedlings.  U.S.D.A. For.
 
Ser. Res. Note PNW-357.
 
Molina, R. 1979.  Ectomycorrhizal inoculation of
 
containerized Douglas-fir and Lodgepole Pine seedlings
 
with six isolates of Pisolithus tinctorius. For. Sci.
 
25:585-590.
 
Molina, R. and J. Chamard. 1983.  Use of ectomycorrhizal
 
fungus Laccaria laccata in forestry.  II. Effects of
 
fertilizer form and levels on ectomycorrhizal development
 
and growth of container grown Douglas-fir and Ponderosa
 
pine.  Can. J. For. Res. 13:89-95.
 
Molina, R. and J.G. Palmer. 1982.  Isolation, maintenance,
 
and pure culture manipulatuib if ectmycorrhizal fungi. IN:
 
Methods and principles of mycorrhizal research. N.C.
 
Schenck. ed. pp. 115-129. Amer. Phytopathol. Soc. St.
 
Paul., MN.
 
Molina R. J. and J.M. Trappe. 1984. Mycorrhizae management
 
in bareroot nurseries. IN: Forest Nursery Manual:
 
Production of Bareroot Seedlings. eds. M.L. Duryea and
 
T.D. Landis. Marinus Nijhoff/Dr. Junk Pub., The Hague.
 
p.221.
 
Molina, R. and J.M. Trappe.  1982.  Patterns of
 
ectomycorrhizal host specificity and potential in Pacific
 
Northwest conifers and fungi.  For. Sc. 28:423-458.
 
Moser, M. 1959.  Beitrage zur Kenntius dur Wuchsstoff­
of mycorrhizae and mycorrhizal fungi.
 
gezichungen in Bereich ectotropher Mycorrhizen.  arch. 
Mikrobiol. 34:251-269. 
Mosse, B., Stribley, D.P. and F. LeTacon. 1981.  Ecology 
Advances in
 
Microbial Ecology 5:137-210.
 280 
Mudge, K.W. 1987.  Hormonal involvement in ectomycorrhizal
 
development. IN: Proceedings 7th NACOM. pp. 228-230. Univ.
 
of Florida, Gainville.
 
Munns, D.N. and B. Mosse. 1980.  Mineral nutrition of
 
legume crops IN: Advances in Legume Science.  R.J.
 
Summerfield and A.H. Buntings (eds.) pp. 115-125.
 
Nauratil, S. and G.C. Rochon.  1981.  Enhanced root and
 
shoot development of poplar cuttings by Pisolithus
 
tinctorius. Can. J. For. Res. 11:844-848.
 
Nelson, E.A. 1978.  Physiology of dormancy of Western
 
Hemlock (Tsuga heterophylla (Raf.) Surg.) seedlings.  PhD.
 
Thesis.  O.S.U. Corvallis, 206 pp.
 
Ng, P.P., Cole, A.L.J., Jameson, P.E. and J.A. McWha.
 
1982. Cytokinin production of ectomycorrhizal fungi. New
 
Phytol. 91:57-62.
 
Norris, L. 1984.  Preface IN: Forest Nursery Manual:
 
Production of bareroot seedlings.  M.L. Duryea and T.D.
 
Landis (eds.).  Martinus Nijhoff/W. Junk. Boston.
 
Nylund, J.E. 1988.  The regulation of mycorrhizal
 
formation:  Carbohydrate and Hormone theories reviewed.
 
Scad. J. For. Res. 3:465-479.
 
Oswald, E.T. and H.A. Ferchau.  1968.  Bacterial
 
associations of coniferous mycorrhizae.  Plant and Soil
 
28:187-192.
 
Paul, E.A. and R.M.N. Kucey. 1981.  Carbon flow in plant
 
microbial associations. Science 213:473-474.
 
Parke, J.L., Linderman, R.G. and C.H. Black. 1983.  The
 
role of ectomycorrhizaes in drought tolerance of Douglas-

fir seedlings.  New Phytol. 95:83-95.
 
Parke, J.L., Linderman, R.G. and J.M. Trappe. 1984.
 
Inoculum potential of ectomycorrhizal fungi in forest
 
soils of Southwestern Oregon and Northern California.
 
For. Sci. 30:300-304.
 
Parke, J.L., Linderman, R.G. and J.M. Trappe. 1983.
 
Effects of Forest litter on Mycorrhizal development and
 
growth of Douglas-fir and Western Red Cedar seedlings.
 
Can. J. For. Res. 13:666-671.
 281 
Patric, J.W. and P.F. Wareing. 1976.  Auxin promoted
 
transport of metabolites in stems of Phaseolus vulgaris
 
L.: effects at the site of hormone application. J. Exp.
 
Bot. 27:969-982.
 
Patric, J.W. and P.F. Wareing. 1973.  Auxin promoted
 
transport of metabolites in stems of Phaseolus vulgaris L.
 
J. Exp. Bot. 24:1158-1167.
 
Pegg, G.F. 1976.  The involvement of ethylene in plant
 
pathogenesis. IN: Encyclopedia of Plant Physiology N.S.
 
Vol 4. Physiol. Plant Pathol R. Heitefuss and P.H.
 
Williams (eds.) Springer-Verlag.  N.Y. pp. 582-591.
 
Pendl, F.T. and B.N. D'Anjou. 1987.  Douglas-fir
 
stocktype, seedlot and hormone trial. BC MOF Forest
 
Sciences Section, Vancouver Region. SX-80-0.
 
Perry, D.A., Molina, R. and M.P. Amaranthus.  1987.
 
Mycorrhizae, mycorrhizospheres and reforestation:  current
 
knowledge and research needs.  Can. J. For. Res. 17:929.
 
Pokojska, A. and E. Strzelczyk.  1988.  Effect of organic
 
acids on production of auxin-like substances by
 
ectomycorrhizal fungi.  Symbiosis 6: 211-224.
 
Quintos, M. and M. Valdes. 1987.  Mycorrhizal development
 
and growth of royal pine seedlings (Pious englemannii)
 
with inoculation of Pisolithus tinctorius Rev. Latinoam.
 
Microbiol. 29:189.
 
Radawska, M. 1982.  Effect of various organic sources of
 
nitrogen on the growth of mycelium and content of auxin
 
and cytokinin in cultures of some mycorrhizal fungi.
 
Acta. Physiol. Plant. 4:11-20.
 
Reid, C.P.P. 1990. Mycorrhiza. IN: The Rhizosphere. J.
 
Lynch. ed. pp.281-315. John Wiley and Sons.
 
Reid, C.P.P. 1979.  Mycorrhizae and water stress. IN: Root
 
Physiology and Symbiosis. eds. A. Riedacker and M.J.
 
Gagnaire-Michard.  I.U.F.R.O Symposium, Nancy, France. pp.
 
392-408.
 
Reid, C.P.P. 1974.  Assimilation, distribution and root
 
exudation of "C by ponderosa pine seedlings under water
 
stress.  Plant Physiol. 54:44-49.
 282 
Reid, D.M. and R.L. Wample. 1985.  Water relations and
 
Plant Hormones IN: Hormonal REgulation of Development III.
 
Encyclopedia of Plant Physiology.  N.S. Vol. 11 R.P.
 
Pharis and D.M. Reid, eds., Springer-Verlag. New York.
 
Reid, M.S., Paul, J.L., Young, R.E. 1980.  Effects of
 
ethephon and beta cyanin leakaage from beet root discs.
 
P1. Physiol. 66:1015-1016.
 
Reinecke, D.M. and R.S. Bandurski. 1987.  Auxin
 
Biosynthesis and Metabolism. IN: Plant Hormones and their
 
role in plant growth and development.  P.J. Davies ed.
 
Martinus Nijhoff/Dr. Junk Pub., The Hague.
 
Richards, E. 1963.  Nutrient supply and mycorrhizal
 
development in Caribbean Pine.  For. Sci. 9:405-412.
 
Ritchie, G.A. 1984.  Assessing seedling quality IN: Forest
 
Nursery Manual:  Production of Bareroot Seedlings.  M.L.
 
Duryea and T.D. Landis,eds., matinus Nijhoff/W.Junk,
 
Boston.
 
Ritchie, G.A. and J.R. Dunlap.  1980.  Root Growth
 
Potential: It's development and expression in forest tree
 
seedlings.  New Zeal. J. For. Sci. 10:218-248.
 
Riffle, J.W. 1980.  Growth and Ectomycorrhizal development
 
of broadleaf seedlings in fumigated nursery soil.  For.
 
Sc. 26:403-413.
 
Riffle, J.W. and R.W. Tinus.  1982.  Ectomycorrhizal
 
characteristics, growth and survival of artificially
 
inoculated Pinus ponderosa and Scots Pine in the
 
greenhouse and plantation.  For. Sc. 28:646-660.
 
Ritter, G. 1968.  Auxin relations between mycorrhizal
 
fungi and their partner trees. Acta Mycol. 4:421-431.
 
Ross, S.D., Pharis, R.P. and W.D. Binder. 1983.  Growth
 
regulators and conifers:  their physiology and potential

uses in forestry.  IN: Plant Growth Regulating Chemicals
 
Vol. II. L.G. Nickell. ed. CRC Press, Inc. Boca Raton. pp

35-78.
 
Rouillon, R., Gay, G., Bernillon, J., Favre-Bonvin, J. and
 
G. Bruchet. 1985.  Analysis by HPLC-MS of the indol
 
compounds released by the ectomycorrhizal fungus Hebeloma
 
hiemali in pure culture. Can. J. Bot. 1987.
 283 
Rovira, A.D. 1965.  Interactions between plant roots and
 
soil microorganisms.  Ann. Rev. Microbiol. 19:241
 
Rubery, P.H. 1981.  Auxin receptors. Ann. Rev. Pl.
 
Physiol. 32:569-596.
 
Ruehle, J.L. 1982.  Field performance of container grown
 
Loblolly Pine seedlings with specific ectomycorrhizae on a
 
reforestation site in Couth Carolina.  South. J. Appl.
 
For. 6:30-33.
 
Ruehle, J.L. 1983.  The relationship between lateral root
 
development and spread of Pisolithus tinctorius
 
ectomycorrhizae after planting of container grown Loblolly
 
Pine.  For. Sc. 29:519-526.
 
Ruehle, J.L. and D.H. Marx.  1977.  Developing
 
ectomycorrhizae on containerized pine seedlings.  U.S.D.A.
 
For. Ser. Res. Note SE-242.
 
Ruehle, J.L., Marx, D.H., Barnett, J.P. and W.H. Pawuk.
 
1981.  Survival and growth of container-grown and bare-

root Short Leaf Pine seedlings with Pisolithus and
 
Thelephora mycorrhizae.  South. J. Appl. For. 5:20-24.
 
Rupp, L.A., DeVries, H.E. II and K.W. Mudge. 1989.  Effect
 
of aminocyclopropane carboxylic acid and
 
aminoethoxyvinylglycine on ethylene production by
 
mycorrhizal fungi. Can. J. Bot. 67:483-485.
 
Rupp, L.A. and K.W. Mudge.  1985.  Ethephon and auxin
 
induced mycorrhiza-like changes in the morphology of root
 
organ cultures of Mugo Pine.  Physiol. Plant. 64:316-322.
 
Rupp, L.A., Mudge, K.W. and F.B. Negm. 1989.  Involvement
 
of ethylene in ectomycorrhiza formation and dichotomous
 
branching of roots of mugo pine seedlings. Can. J. Bot.
 
67:477-482.
 
Sandberg, G., Anderson, B. and A. Dunberg. 1981.
 
Identification of 3-indoleacetic acid in Pinus sylvestris
 
L. by gas chromatography-mass spectrometry and
 
quantitative analysis by ion-pair reverse phase liquid
 
chromatography with spectrofluorometric detection. J.
 
Chromatogr. 205:125-137.
 
Sands, R. and C. Theodorou.  1978.  Water Uptake by
 
Mycorrhizal roots of Pinus radiate seedlings.  Aust. J.
 
Pl. Physiol. 5:301-309.
 284 
Scagel, R.K. and M.J. Goldstein. 1990.  Evaluation and
 
demonstration of intensive reforestation treatments in the
 
Coastal Interior Transition.  BC MOR Forest Sciences
 
Section Report, Vancouver Forest Region.
 
Scagel, R.K., Evans, R.C. and H. VonHahn. 1992.  Low
 
elevation species/stocktype trials in the Coast-Interior
 
Transition: Summary of growth and survival.  BC MOF
 
Silviculture Section Report. Vancouver Forest Region.
 
Scagel, R.K., Scagel, C.G. and R.C. Evans. 1992.
 
Reforestation of dry sites in the coast-interior
 
transition zone:  Alternative species, stocktypes and root
 
tratments.  BC MOF Forest Silviculture Section. SX-90­
118V.
 
Schaap, W. and D. DeYoe. 1986.  Seedling protectors for
 
protection from deer browse. Forest Research Laboratory,
 
Research Bulletin #54, Oregon State University.
 
Schenk, N.C.(ed.) 1982.  Methods and Principles of
 
Mycorrhizal Research.  The Americal Phytopathological Soc.

St. Paul, MN. 244 p.
 
Schoenberger, M.M. and D.A. Perry.  1982. Effects of soil
 
disturbance on growth and ectomycorrhizae of Douglas-fir
 
and Western Hemlock seedlings: a greenhouse bioassay.
 
Can. J. For. Res. 12:343-353.
 
Selby, C. and D.A. Seaby. 1982.  The effects of Auxins on
 
Pinus contorts seedling root development.  Forestry

55:125-135.
 
Shaw, C.G., Molina, R. and J. Walden. 1982.  Development
 
of ectomycorrhizae following inoculation of containerized
 
Sitka and White Spruce seedlings.  Can. J. For. Res.
 
12:191-195.
 
Shaw, C.G. and R. Molina. 1980.  Formation of
 
ectomycorrhizae following inoculation of containerized
 
Sitka Spruce seedlings.  U.S.D.A. For. Ser. Res. Note PNW­
351, 8p.
 
Shemakhanova, N.M. 1962.  Mycotrophy of woody plants IN:
 
Academy of Sciences of the U.S.S.R. Institute of
 
Microbiology (Trans. by Israeli program for scientific
 285 
Sherwood, J.L. and W.L. Rlarman. 1980.  IAA involvement in
 
fungal protection of Virginia pine seedlings exposed to
 
methane.  For. Sci. 26:172-176.
 
Simpson, D.G. 1986.  Auxin stimulates lateral root
 
formation of container-grown interior Douglas-fir
 
seedlings.  Can. J. For. Res. 16:1135-1139.
 
Sinclair, G.A., Sylvia, D.M. and A.O. Larsen. 1982.
 
Disease suppression and growth promotion in Douglas-fir
 
seedlings by the ectomycorrhizal fungus Laccaria laccata.
 
For. Sc. 28:191-201.
 
Sjut, V. 1981.  Reversed-phase high-performance liquid
 
chromatography of substituted indole acetic acids. J.
 
Chromatogr. 209:107-109.
 
Slankis, V. 1974.  Soil factors influencing formation of
 
mycorrhizae. Ann. Rev. Phytopathol. 12:437-457.
 
Slankis, V. 1973.  Hormonal relationships in mycorrhizal
 
development IN: Ectomycorrhizae:  Their Ecology and
 
Physiology.  G.C. Marks and T.T. Rozlowsky (eds.) Academic
 
Press. N.Y.
 
Slankis, V. 1971.  Formation of ectomycorrhizae of forest
 
trees in relation to light, carbohydrates and auxins. IN:
 
Mycorrhizae. Proceedings 1st NACOM. E. Hacskaylo. ed. U.S.
 
Gov. Printing Office, Misc. Pub. 1189.
 
Slankis, V. 1958.  The role of auxin and other exudates in
 
mycorrhizal symbiosis of forest trees. IN: The physiology
 
of forest trees. R.V. Thimann. ed. Ronald Press, N.Y.
 
Slankis, V. 1951.  Uber den einfluss von 8­
incolylessigsaure and anderen wuchsstoffen auf das
 
washstum von diefern wuryeln.  I. Symbolae Botanicaae
 
Uppsalienses 11:1-63.
 
Slankis, V. 1948.  Einfluss von Exudaten von Boletus
 
variegatus auf die dichotomische verzweigung isolierter
 
kiefern wurzeln.  Physiol. Plant. 1:39-400.
 
Smidt, M. and Rosuge, T. 1978.  The role of indole -3­
acetic acid accumulation by alpha methyl tryptophan-

resistant mutants of Pseudomonas savastanoi in gall
 
formation on oleanders. Physiol. Pl. Pathol. 13:203-214.
 
Smith, S.E. 1980.  Mycorrhizas of autotrophic higher
 
plants. Biol. Rev. 55:475-570.
 286 
Smith, S.E. 1974.  Mycorrhizal fungi.  Crit. Rev.
 
Microbio1.3:275-313.
 
Sohn, R.F. 1981. Pisolithus tinctorius forms long
 
ectomycorrhizae and alters root development in seedlings
 
of Pinus resinosa.  Can. J. Bot. 59: 2129.
 
South, D.B. and W.D. Kelley.  1982.  The effect of
 
selected pesticides on short root development of
 
greenhouse grown Pinus taeda seedlings.  Can. J. For. Res.
 
12:29-35.
 
Stahl, P.D. and W.K. Smith. 1984.  Effects of different
 
geographic isolates of Glomus on the water relations of
 
Agropyron smithii. Mycologia 76:261-267.
 
Stein, A. and J.A. Fortin. 1990a.  Enhanced rooting of
 
Picea mariana cuttings by ectomycorrhizal fungi. Can. J.
 
Bot. 68:468-471.
 
Stein, A. and J.A. Fortin. 1990b.  Pattern of root
 
initiation by an ectomycorrhizal fungus on hypocotyl
 
cuttings of Larix laricina.  Can. J. Bot. 68:492-498.
 
Stone, E.C. 1955.  Poor survival and the physiological
 
condition of planting stock.  For. Sci. 1:90-94.
 
Stone, E.C. and J.L. Jenkinson.  1970.  Influence of soil
 
water on Root Growth Capacity of Ponderosa Pine
 
transplants.  For. Sci. 16:230-239.
 
Stone, E.C., Jenkinson, J.L. and S.L. Krugman. 1962.  Root
 
regenerating potential of Douglas-fir seedlings lifted at
 
different times of the year.  For. Sci. 8:288-297.
 
Struve, D.K. and M.A. Arnold. 1986.  Aryl esters of IBA
 
increases root regeneration in 3-0 Red oak seedlings.
 
Can. J. For. Res. 23:673-675.
 
Struve, D.K. and B.C. Moser.  1984.  Auxin effects on root
 
regeneration of scarlet oak seedlings.  J. Amer. Soc.
 
Hort. Sci. 109:91-95.
 
Strzelczyk, E., Kampert, M. and L. Michalski. 1985.
 
Production of cytokinin-like substances by mycorrhizal
 
fungi of pine (Pinus sylvestris L.) in cultures with and
 
without metabolites of actinomycetes.  Acta Microbiologia
 
Polonica 34:177-186.
 287 
Strzelczyk, E. and A. Pokojska-Burdziej. 1984.  Production
 
of auxins and gibberellin-like substances by mycorrhizal
 
fungi, bacteria and actinomycetes isolated from soil and
 
the mycorrhizosphere of Pine (Pinus sylvestris L.) Plant
 
and Soil 81:185-194.
 
Strzelczyk, E., Sitek, J.M. and S. Kowalski. 1977.
 
Synthesis of auxins from tryptophan and tryptophan
 
precursors by fungi isoolated from mycorrhizae of pine
 
(Pinus sylvestris L.). Acta Microbiol. Pol. 26:255-264.
 
Strzelczyk, E., Sitek, J. and S. Kowalski. 1975.
 
Production of gibberellin-like substances by fungi
 
isolated from mycorrhizae of pine (Pinus sylvestris L.)
 
Acta. Microbiologica Polonica 24:145-153.
 
Subba-Rao, N.S. and V. Slankis. 1959.  Indole compounds in
 
pine mycorrhiza.  Proc. 9th Int. Bat. Congr. Vol. 2. p.
 
386.
 
Sundberg, G., Sandberg, G. and E. Jensen. 1985.
 
Catabolism of Indole-3-Acetic Acid to Indole-3-methanol in
 
a crude enzyme extract and in protoplasts from Scots Pine
 
(Pinus sylvestris L.) Physiol. Plant. 64:438-444.
 
Sutton, R.F. 1979.  Planting Stock Quality and grading.
 
For. Ecol. Mng. 2:123-132.
 
Theodorou, C. 1978.  Soil moisture and the mycorrhizal
 
association of Pinus radiata. Soil Biol. Biochem. 10:33­
37.
 
Theodorou, C. and G.D. Bowen. 1970.  Mycorrhizal responses
 
of radiata pine in experiments with different fungi.
 
Aust. Forestry 34:183-191.
 
Thomas, G.W., Clarke, C.A., Mosse, B. and R.M. Jackson.
 
1982.  Source of phosphate taken-up from two soils by
 
mycorrhizae (Thelephora terrestris) and non-mycorrhizal
 
Picea sitchensis seedlings.  Soil Biol. Biochem. 14:73-75.
 
Thomas, G.W. and R.M. Jackson. 1983.  Growth responses of
 
Sitka Spruce seedlings to mycorrhizal inoculation.  New
 
Phytol. 95:223.
 
Tien, T.M., Gaskins, M.H. and D.H. Hubbel. 1979. Plant
 
growth substances produced by Azobacter brasilense and
 
their effects on the growth of Pearl Miller (Pennisetum
 
americanus L.). Appl. Environ. Microbial. 37:1016-1024.
 288 
Tomaszewshi, M. and B. Wojciechowska. 1974.  The role of
 
growth regulators released by fungi in pine mycorrhizae.
 
IN: Proc. of the 8th Int. Conf. on Plant Growth
 
Substances. Hirokawa Pub. Co., Inc.Tokyo, Japan.
 
Trappe, J.M. 1977.  Selection of fungi for ectomycorrhizal
 
inoculation in nurseries.  Ann. Rev. Phytopath. 15:203­
222.
 
Trewavas, A.J. 1982.  Growth substance sensitivity: The
 
limiting factor in plant development.  Pl. Physiol. 55:60­
72.
 
Trewavas, A.J. 1981.  How do plant growth substances act?
 
P1. Cell Envir. 4:203-228.
 
Tribunskaya, A.Y. 1955.  Mikrobiologiya 24:188-192.
 
Trofymow, J.A. and R. van den Driessche. 1990.
 
Mycorrhizaes.  IN: Mineral Nutrition of Conifer Seedlings.
 
R. van den Driessche, ed. CRC Press. Boston.
 
Ulrich, J.M. 1960.  Auxin production by mycorrhizal fungi.
 
Physiol. Plant. 13:429-443.
 
Ulrich, J.M. 1960. Effect of mycorrhizal fungi and auxins
 
on root growth and development of sugar pine seedlings
 
(Pious lambertiana Dougl.) Physiol. Plant.  13:493-504.
 
Veen, H. 1983.  Silver thiosulfate: an experimental tool

in plant science.  Sci. Hort. 20:211-224.
 
Vogt, K. and C.C. Grier.  1982.  Root growth and
 
Mycorrhizae in True Firs in: Proc. Biol. and Management of

True Fir in the Pacific Northwest Symposium, C.D. Oliver
 
and R.M. Kenady (eds.) U.S.D.A. For. Ser. PNW,  University

of Washington, Seattle, Washington. Cont. #45.
 
Vogt, K.A., Grier, C.C., Mier, C.E. and R.L. Edmonds.
 
1982. Mycorrhizal role in net primary production and
 
nutrient cycling in Abies amabilis ecosystems in western
 
Washington.  Ecol. 63:370-380.
 
Wample, R.L. and D.M. Reid. 1979. The role of endogenous

auxins and ethylene in the formation of adventious roots
 
and hypocotyl hypertrophy of adventious roots and
 
hypocotyl hypertrophy in flooded sunflower plants
 
(Helianthus annus). Physiol. Plant. 45:219-226.
 289 
Ward, T., Turner, T.M. and D. Osborne.  1978.  Evidence
 
for the production of ethylene by mycelium of Agaricus
 
bisporus and its relationship to sporocarp development.
 
J. Gen. Micro. 104:25-30.
 
Whitney, D. 1965.  Mycorrhizal infection triels with
 
Polyporus varieties on White Spruce and Red Pine.  For.
 
Sci. 11:265-270.
 
Wilcox, H.E. 1983.  Fungal parasitism of woody plant roots
 
from mycorrhizal relationships to plant disease.  Ann.
 
Rev. Phytopathol.  21:211.
 
Wilkinson, L. 1989.  SYSTAT, The system for statistics.
 
Systat, Inc., Evanston, IL. 822 p.
 
Wilson, E.R.L. and R.J. Field. 1984.  Dichotomous
 
branching in lateral roots of pine: the effect of 2­
chloroethylphosphonic acid on seedlings of Pinus radiata
 
D. Don. New Phytol. 98:465-473.
 
Wong, R.R.Y. and J.A. Fortin. 1990.  Root colonization and
 
intraspecific mycobiont variation in ectomycorrhizae.
 
Symbiosis 8: 197-231.
 
Yang, S.F. 1985.  Biosynthesis and Action of ethylene.

Hort. Sci. 20:41-45.
 
Yang, S.F. 1974.  The biochemistry of ethylene:
 
Biogenesis and metabolism.  Recent Adv. Phytochem. 7:131­
164.
 
Yang, S.F. and N.E. Hoffman. 1984.  Ethylene biosynthesis

and its regulation in higher plants. Ann.  Rev. P1.
 
Physiol. 35:155-189.
 
Young, J.L., Ho, I. and J.M. Trappe. 1972.
 
Endomycorrhizal invasion and effect of free IAA content of
 
corn roots. Agron. Abst. p.102.
 
Zaerr, J.B. 1967.  Auxin and the root regenerating
 
potential on Ponderosa pine seedlings.  For. Sci. 13:258­
264.
 
Zaerr, J.B. and D.P. Lavender. 1980.  Analysis of plant
 
growth substances in relation to seedling and plant

growth.  New Zeal. J. For. Sci. 10:186-195.
 APPENDIX
 290 
APPENDIX TABLE A-1: Selected mycorrhizal fungal isolates
 
screened for Plant Growth Regulator production.
 
ISOLATE  SPECIES  SOURCE'  CULTURE # 
Am-1  Aminita muscaria  USDA-FSL, OR.  S-230 
Am-2  A. muscaria  Florence, OR. CFS  CS-4 
Am-3  A. muscaria  Florence, OR. CFS  CS-5 
Am-4  A. muscaria  Coos Bay, OR. CFS  CS-6 
Ll-1  Laccaria laccata  Crater Lake, OR.USDA-FSL  S-238 
Ll-2  L. laccata  Bald Mnt., OR., UW  Lala1 
Ll-3  L. laccata  Wenatchee, WA., UW  Lala4 
Ll-1a  L. laccata  Reisolate of #S-238, UW  Lala6 
LL -5  L. laccata  Wenatchee, WA., UW  Lala5 
Ll-6  L. laccata  Sands Lake, USDA-FSL  S-472 
Ll-7  L. toccata  Kamloops, B.C., Balco  S-22 
Ll-8  L. toccata  Mnt. Hood, OR., G. Hunt  S-447 
Ll-9  L. laccata  USDA-FSL  S-550 
L1 -10  L. laccata  USDA-FSL  S-446 
Ll-11  L. laccata  USDA-FSL  11-101a 
Ll-11a  L. laccata  Reisolation of #B101a, Balco  S-167 
L1 -12  L. laccata  G. Hunt  S167 
L1 -13  L. laccata  Reisolate from of #9033, CFS  CS-100 
L1 -14  L. laccata  Lost Prairie, OR., USDA-FSL  S-443 
L1 -15  L. laccata  Woods Creek, OR., USDA-FSL  S-445 
L1 -16  L. laccata  USDA-FSL  5448 
11-17  L. laccata  Kamloops, B.C.  505 
L1 -18  L. laccata  Marys Peak, OR., CFS  CS-2 
L1 -19  L. laccata  Horse Mnt., B.C., CFS  CS-23 
H?  Hysterangium so.  Beech, CFS  CS-1 
Rv-1  Rhizopogon vinicolor  USDA-FSL  S-260 
Rv-2  R. vinicolor  Kamloops, B.C., Balco  9010 
Rv-3  R. vinicolor  Kamloops, B.C., Balco  A-153 
Rv-4  R. vinicolor  USDA-FSL, I. Ho  S-238 
Rv-5  R. vinicolor  Reisolation from #9428, CFS  CS-31 
Rv-6  R. vinicolor  Reisolation from #8921, CFS  CS-32 
Rv-7  R. vinicolor  Reisolation from #9444,CFS  CS-33 
Rv-8  R. vinicolor  Reisolation from R.vini, CFS  CS-34 
Rv-9  R. vinicolor  Reisolation from #8875, CFS  CS-35 
Pt-1  Pisolithus tinctorius  USDA-FSL  S-210 
Pt-2  P. tinctorius  USDA-FSL  S-216 
Pt-3  P. tinctorius  USDA-FSL  S-771 
He -1  Hebeloma crustiliniforme  Woods Creek, OR., CFS  CS-7 
He -2  H. crustininiforue  Boston Bar, B.C., CFS  CS-25 
Be-1  Boletus edulis  Florence, OR., CFS  CS-9 
Be-2  B. edulis  Prince George, B.C., CFS  CS-14 
Be-3  B. edulis  Yellowhead 101, B.C., CFS  CS-12 
Cg-1  Cenococcus geophilium  Savona, B.C., CFS  CS-10 
Cg-2  C. geophilium  Gary Hunt, Balco  Ceno 
Cg-3  C. geophilium  Horse Mnt., B.C., CFS  CS-24 
Ro-1  R. occidentalis  USDA-FSL  S297 
Sb-1  Suillus brevipes  Boston Bar, B.C., CFS  CS-17 
Sb-2  S. brevipes  USDA-FSL  S-223 
Sb-3  S. brevipes  Vernon, B.C., CFS  CS-19 
Sb-4  S. brEVIPES  LILLOET, B.C., CFS  CS-20 
SL-1  S. LAKEI  VERNON, B.C., CFS  CS-42 
SL-2  S. LAKEI  HORSE, MNT., B.C., CFS  CS-41 
SL-3  S. LAKEI  SAVONA, B.C., CFS  CS-36 291 
APPENDIX TABLE A-2a:  Modified Hoagland's Solution.
 
COMPONENT 
I  AMOUNT (01:1) 
CA ( NO3 ) '4H20  0.59 
KNO3  0.26 
MGS04*7H20  0.25 
KH2PO4  0.07 
MI CRONUTR I ENT STOCK  1 ML L4 
APPENDIX TABLE A-2b: Micronutrient Stock Solution for
 
Modified Hoagland's Solution.
 
COMPONENT  AMOUNT (GI VI) 
H3B03  0.30 
MNCL2*4 H20  0.20
 
Z N SO4  0.02
 
CUS04'4H20  0.02
 
H2M00441.120  0.01
 
1 292 
APPENDIX TABLE A-3: In Vitro Fungal IAA Production.
 
IMOLA=  NiCELIAL ILL COMM (mg gra)  =MUM PTT  IAA  (mg g-1 mycelium) 
5 81888  6 141288  7 VMS  5 =US  6 88288  7 MOW 
L1-1  5.40  5.41  5.24  24.0  26.07  22.94 
L1-2  1.00  1.27  1.08  8.20  10.63  14.36 
L1-3  ad  ad  ad  0.60  1.21  0.25 
L1-4  3.62  4.83  3.58  13.72  18.12  14.58 
L1-5  1.65  3.67  3.04  10.10  11.45  10.66 
L1-4  1.32  1.57  2.82  12.35  16.02  13.63 
L1-7  1.01  1.05  1.57  6.56  9.51  3.98 
L1-8  1.26  1.51  1.23  36.94  65.37  42.52 
LI-,  1.57  0.79  1.25  8.94  6.02  7.43 
L1 -10  1.23  1.31  1.36  3.53  4.37  4.72 
L1 -11  0.94  0.89  0.76  58.04  67.41  51.22 
L1-12  3.18  4.43  3.77  14.32  13.96  15.86 
L1 -13  5.87  7.96  7.94  10.13  18.97  20.35 
L1-14  2.35  5.43  4.02  61.83  84.69  63.33 
L1 -15  3.39  4.71  3.39  9.52  10.35  12.54 
L1 -16  7.90  15.83  11.37  35.64  79.22  59.98 
L1 -17  3.98  4.97  4.09  10.27  10.10  6.68 
L1-18  1.03  8.76  5.43  10.51  27.21  21.18 
L1 -111  7.63  5.46  3.44  22.89  20.43  23.94 
L1 -la  1.78  1.37  2.43  21.00  22.77  19.74 
1.1 -11a  1.32  1.02  1.58  61.23  65.02  52.07 
Burl  1.75  2.04  0.67  33.90  56.23  47.83 
Am-2  ad  ad  ad  36.02  33.18  31.42 
Am-3  3.42  2.44  2.06  54.31  67.21  51.78 
Am-4  0.83  0.40  0.55  2.35  1.95  2.16 
2v-1  0.34  0.47  0.42  0.54  0.98  0.65 
2v-2  1.18  2.36  1.51  20.48  21.35  46.91 
kv -3  0.59  0.60  0.67  22.17  34.90  37.49 
iv-4  0.37  0.74  0.65  0.21  0.54  0.97 
8v-3  0.39  0.79  0.30  65.78  372.40  266.75 
av-6  2.04  2.10  2.26  73.00  343.48  452.31 
*v -7  ad  ad  ad  1.25  2.70  3.52 
iv-8  0.83  0.94  0.81  5.43  5.00  5.84 
Mw-,  3.39  3.58  4.00  6.74  20.42  21.35 
Pt-1  0.64  0.79  0.79  8.41  16.82  21.67 
Pt-2  0.85  1.64  0.71  13.73  18.99  20.42 
Pt-3  0.76  1.01  0.92  8.96  16.33  18.35 
ic-1  12.94  15.80  15.26  26.44  79.25  56.01 
lc-2  ad  ad  ad  0.23  0.70  0.84 
le-1  0.91  0.90  0.52  7.88  43.17  38.07 
88-2  0.40  0.29  0.26  3.63  11.44  18.91 
Me-3  2.65  3.82  3.97  7.86  14.33  13.02 
Cg-1  12.81  80.70  49.24  71.44  140.27  186.99 
C5-2  0.31  0.27  0.35  6.11  15.64  18.91 
Cg-3  1.34  1.30  1.13  2.58  3.89  5.67 
8b-1  1.72  3.16  6.47  4.99  25.09  37.25 
8b-2  8.95  7.62  9.56  34.00  60.12  57.23 
8b-3  7.3  15.10  12.33  25.81  65.38  42.10 
b-4  1.73  1.54  1.99  5.60  7.60  7.44 
81-1  0.60  0.49  0.23  0.51  0.88  0.79 
81-2  0.94  1.63  1.10  8.45  18.70  15.20 
81-3  ad  0.20  0.18  3.19  11.02  10.57 
LAO  2.96  1.16  0.73  20.20  69.16  72.31 293 
APPENDIX TABLE A-4: In Vitro Ethylene Production by
 
Mycorrhizal Fungal Isolates.
 
ISOLATE  ETHYLENE PRODUCTION (NG DI NG4NR4)
 
6 WEEK  7 WEEK  8 WEEK  9 WEEK 
LL-1  <0.01  0.03  0.09  0.08 
LL-2  0.01  0.34  0.90  0.80 
LL-3  0.05  0.07  1.25  0.90 
LL-4  0.10  0.52  0.90  0.70 
LL-5  0.04  0.05  0.60  0.40 
LL-6  0.01  0.01  0.01  <0.01 
11 -7  0.01  0.02  0.04  0.03 
LL-8  0.15  0.77  1.00  0.32 
LL-9  0.02  0.18  0.48  <0.01 
LL-10  0.01  0.02  0.01  <0.01 
LL-11  0.34  0.37  0.59  0.90 
11-12  0.45  0.85  0.91  1.13 
LL-13  0.03  0.06  0.90  0.45 
11-14  <0.01  0.2  0.01  0.01 
11-15  0.04  0.33  0.32  0.24 
11-16  0.02  0.65  1.00  0.12 
LL-17  0.01  0.55  0.53  0.36 
11-18  0.10  0.25  0.66  0.58 
11-19  0.06  0.39  1.40  0.99 
LL-1A  <0.01  0.05  0.10  0.10 
LL-11A  0.35  0.41  0.72  1.00 
AN-1  0.03  0.08  0.61  0.27 
AN-2  <0.01  <0.01  0.01  <0.01 
A14-3  0.05  0.57  0.55  0.43 
A14-4  0.01  0.34  0.30  0.03 
RV-1  <0.01  0.02  0.02  0.05 
RV-2  0.17  0.57  1.31  1.19 
RV-3  <0.01  0.01  0.01  <0.01 
RV-4  <0.01  0.02  <0.01  0.02 
RV-5  <0.01  0.01  <0.01  <0.01 
RV-6  <0.01  0.01  <0.01  <0.01 
RV-7  0.09  1.10  0.73  0.22 
RV-8  0.03  0.34  0.55  0.09 
RV-9  0.04  0.91  0.62  0.15 
PT-1  0.25  0.29  1.00  1.31 
PT-2  0.01  0.03  0.03  0.05 
PT-3  0.02  0.72  0.57  0.54 
HC-1  0.11  0.27  0.88  0.61 
NC-2  0.15  0.30  0.92  0.49 
BE-1  0.08  0.27  0.73  1.02 
BE -2  0.08  0.48  0.90  1.46 
BE-3  0.01  0.07  0.18  0.34 
CG-1  0.05  0.08  0.19  0.23 
CG-2  0.01  0.05  0.12  0.09 
CG-3  0.05  0.12  0.18  0.15 
SI-1  0.07  0.54  0.48  0.31 
SB-2  0.01  0.63  0.66  0.75 
58-3  0.12  0.50  0.95  1.31 
SB-4  0.34  0.51  0.20  0.29 
SL-1  0.32  0.43  0.57  0.44 
SL-2  0.05  0.08  0.10  0.10 
SL-3  0.13  0.64  0.72  0.61 
LSD  0.050  0.051  0.062  0.064
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APPENDIX TABLE A-5:  Morphological Data for Interior
 
Douglas-fir (PSME),Englemann Spruce (PIEN) and Lodgepole
 
Pine (PICO) Seedlings Colonized by Different Mycorrhizal
 
Fungi. 
VENN 
SPNCiNS 
FUNGAL 
ISOLLTN 
2 =NW 
=TOL 
=MONT 
4 Noma 
TOMILL 
WIXOM (cm) 
4 No NiN 
202SL MOOT 
Da OMEN 
2 Nora 
MOM COMM 
DIMMER 
4 Nom= 
NOON 
COLL= 
4 Noma 
MOT D1tt 
NNIGET 
(al)  (4)  (101)  DENIM= 
(m) 
(g) 
PICO  coNTNOL  2.43  8.64  3.64  1.34  1.54  3.00 
PICO  II  2.64  9.09  5.48*  1.29  1.63*  4.07* 
Pico  ON  2.87*  6.97  4.73*  0.87  1.23  4.10* 
PICO  NM  2.63  10.13*  4.17*  1.43  1.72*  2.89 
PICO  NM  2.49  7.68  3.31  0.98  1.16  2.76 
Pico  LI  2.69*  9.70  4.19  0.78  1.18  3.23 
Pico  LS  2.34  9.59  3.66  1.20  1.66*  3.30 
PION  Co2M0L  2.40  9.86  3.10  0.79  1.24  2.63 
PIE,  IX  4.15*  12.01*  3.62  1.05*  1.48  3.08 
PINS  IZ  3.25*  10.59  5.50*  1.46*  2.24*  3.82* 
PINK  OM  3.08  13.86*  4.23*  0.81  1.39  3.00 
PION  NO  2.77  7.35  4.42*  1.19*  1.47  2.93 
PIN!  LI  1.92  9.29  3.95  0.88  1.31  3.27* 
PION  LS  1.93  10.09  3.01  0.96  1.27  2.44 
Peat 
POs 
PANE 
P55 
PANE 
coNTMOL 
NI 
Or 
NM 
NE 
2.35 
3.71* 
2.99* 
2.33 
2.64* 
7.64 
11.86* 
7.14 
9.89* 
7.34 
3.31 
5.55* 
5.35* 
3.58 
5.00* 
0.75 
0.79 
0.99 
0.96 
1.06* 
1.40 
1.63 
1.07 
1.74 
1.26 
2.98 
3.50* 
3.31 
2.95 
3.74 
PONE  LI  2.65*  7.65  4.77  1.04*  1.83  3.57* 
PONE  IS  2.25  7.33  4.70  0.82  1.31  3.97* 
Mom SIOMMICANTLI (P0.01) eirrenzwr sere CONTROLO. 295 
APPENDIX TABLE A-6:  Root Growth and Mycorrhizal
 
Colonization Of 4 Month Douglas-fir (PSME), Englewann
 
Spruce (PIEN) and Lodgepole Pine (PICO).
 
TREE  FUNGAL  INLATIVZ  RELATIVE  ROOT- NONE=  ZONMER  ZONSER  PERCENT
 
SPECIES  =ILA=  SEISED  DIAMETER  SNOOP  OW  PRIMA=  =WEED  MINA=
 
MONTE  GNOME  RATIO  PRES=  LATNNALS  MUMS= LAINNALS
 
(a/ca (onion  (dr/dr)  LATERALS  PERIL  Lamm&  WOMEN
 %Mond)  Sheath
 
PICO  CONTROL  63.5  6.9  0.82
  18.1  3.35  1.6  9.2
 
Xi  61.2  11.7*  0.74  14.9  6.03*  49.4*
 13.7*
 
EN  44.4  17.3*  0.87  16.8  4.53*  11.3*  63.9*
 
NM  67.8  9.2*  0.69  14.1  4.29*
  12.4*  88.3*
 
NE  56.8  8.4*  0.83
  19.1  4.94*  10.6*  53.2*
 
Li  64.3
  20.1*  0.77  15.4  4.63*  10.8*  65.2*
 
LE  70.6*  12.9*  0.90*  18.2  4.47*  10.0*  54.6*
 
piii  commoL  70.7  22.9  0.84  15.0  3.96  0.5  3.9
 
NI  53.1  17.2  0.85  17.9*  5.97*  16.4*  92.0*
 
RE  59.6  21.4  0.69  15.9  5.79*  11.9*  74.1*
 
Ni  75.3  26.5  0.70  16.5  4.76*  14.1*  81.3*
 
NU  48.5  10.6  0.66  16.2  6.65*  10.5*  65.8*
 
Li  73.7  19.3  0.82  16.7*  4.44  12.1*  69.3*
 
LE  79.8  14.3  0.81  17.2*  4.41  10.9*  67.4*
 
PINK  COMMA  57.2  31.2  0.82  15.4  2.5*  15.1
 3.59
 
NI  58.9  36.8  0.81  15.2  5.11*  10.4*  68.0*
 
NZ  43.2  10.6  0.62  16.5  3.84  11.9*  73.1*
 
MI  72.4*  29.7
  0.82  16.3  4.53  12.5*  76.7*
 
NE  51.5  8.7  0.75  18.3*  5.91*  15.0*  77.1*
 
Li  53.6  19.1  0.75  17.0*  8.27*  11.2*  63.4*
 
LE  66.5*  23.4  0.84  17.4*  6.39*  9.4*  54.0*
 
*Means significantly greater than controls (60.01).
 
APPENDIX TABLE A-7:  Root IAA Content of 4 Month Interior
 
Douglas-fir (PSME), Englemann Spruce (PIEN) and Lodgepole
 
Pine (PICO) Inoculated with Mycorrhizal Fungi.
 
FUNGAL
  ISA CarIZET (ad la lin

ISOLATE
 
PANE
  PINE  PICO
 
sue'  I  mum  vim  mum  PINE  MOOED 
I  I 
COMMA  0.30  1.64  0.50  4.34  0.61  5.23 
EX  0.54*  1.85*  0.81  5.63*  0.74*  6.90* 
NE  0.51*  1.38  0.50  5.52*  0.69  7.10* 
NI  0.41  1.44  0.64*  4.90  0.69  8.10* 
NE  0.40  1.85*  0.76*  5.92*  0.49  4.80 
Li  0.28  1.72  0.61  3.30  0.41  4.60 
LE  0.28  1.81*  0.45  4.63  0.46  6.20 
Mere VIDE and MOOED  Free and later Conjugates of IRA based on extracts purified by DEAR and

11 o sepbadez.
 
*Means significantly greater than controls (p0.01)
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APPENDIX TABLE A-8: Morpological Responses of Inoculated
 
1+0 Interior Douglas-fir (PSME), Lodgepole Pine (PICO)
 
After One Nursery Growing Season.
 
TOME WWI=  TOMML 
ISOLA= 
MOUT 
(cm) 
moor pox  I 
MISIMET (ng) I 
moor comsat  I 
DIAMETER (m) I 
poor nor
=BMW (ng) 
I 
I 
Jac. rooms 
COLOM. 
TIMM  COMTMOL  23.15  3.19  2.76  4.23  22.3 
MX  24.16  3.08  2.94  5.44  54.8* 
ME  26.35*  7.84*  3.15*  8.76*  73.5* 
MI  24.39  6.97*  2.81  4.04  51.4* 
ME  22.05  3.08  3.34*  7.02*  68.6* 
LI  22.38  2.72  2.86  4.28  31.8 
LE  22.89  3.13  3.01  11.38*  15.6 
PICO  OOSTMOL  30.91  6.05  4.31  4.01  18.9 
MI  31.74  12.95*  4.46  5.89*  62.5* 
II  31.56  7.81  5.91*  6.49*  42.1 
MI  30.63  13.48*  4.30  4.59  82.0* 
NM  35.42*  7.39  5.12*  6.52*  27.4 
LI  30.40  12.96*  4.17  4.27  52.3* 
LS  37.84*  5.88  5.27*  3.74*  30.5 
*Means significantly (p=0.01) diff  han controls.
 
APPENDIX TABLE A-9: Morphological responses of inoculated
 
1+0 Interior Douglas-fir (PSME-I) and Lodgepole Pine
 
(PICO) one growing season after field transplant.
 
TOMB SPECIMS  VEMBAL  MISES (on)  SMOOT MMX  moor COMM  MOOT DMZ  MTOOMR.
 ISOM=  MMIGET (g)  DIMMETMIL (sea)  111ZIGMT (g)  TUMOUR
 
COLOR.
 
romo,'  COMTMOL  33.7  6.84  5.41  6.72  8.3
 
MI  39.83*  7.82*  6.02*  8.40*  41.8*
 
MX  49.40*  9.32*  7.07*  14.18*  52.5*
 
MX  39.43*  7.99*  5.69*  7.91  26.0*
 
NM  45.71*  7.01  5.66*  11.86*  31.9*
 
LI  41.18*  7.24  5.60  6.79  24.8*
 
LS  42.95*  6.08  5.90*  9.43*  19.5
 
PICO  COMTMOL  42.1  16.01  6.25  11.00  15.6
 
MI  47.02*  15.81  7.39*  13.97*  53.8*
 
IM  58.39*  16.97  8.07*  16.81*  39.0*
 
MM  46.22*  13.58  7.64*  14.54*  61.9*
 
ME  60.74*  24.25*  8.00*  15.02*  19.4
 
LI  44.19  11.21  6.84  18.58*  35.1*
 
LE  55.87*  18.69*  7.34*  14.89*
  22.7
 
*Means significstnly different than controls (p=0.01).
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APPENDIX TABLE A-10: Relative growth rates and root:shoot
 
ratios for inoculated 1+0 Interior Douglas-fir (PSIS -I)
 
and Lodgepole Pine (PICO) seedlings.
 
TREE 
SPECIES 
PINANL 
ISOLATE 
mom/smoor 
RATIO (1988) 
nome/smor RATIO 
(1989) 
RELATIVE 
DIAMETER MOMS 
(s/no, 0/yr) 
SOLTIVE SEISM 
OROS= (ca/a, 
0/yr) 
PSME-I  CONTMOL  1.52  0.98  67.30  37.33 
II  1.89  1.06  54.26  49.90 
ME  1.79  1.32*  80.85*  62.85* 
MX  1.67  1.03  70.53  48.04 
NE  2.26*  1.69*  52.75  72.90* 
LI  1.61  0.93  67.19  60.00* 
LI  3.39*  1.33  67.30  92.93* 
PICO  CONTROL  0.66  0.69  30.90  37.16 
II  0.44  0.98*  39.30  50.50* 
ME  0.86  0.99*  61.53*  31.15 
EX  0.33  1.11*  41.14  57.50* 
ME  0.92*  0.60  53.93*  44.63 
LI  0.32  1.64*  37.41  49.49 
LE  1.02*  0.79  38.97  33.13 
*Means significantly greater than controls (p=0.01).
 
APPENDIX TABLE A-11: Root IAA Contents of 1+0 Interior
 
Douglas-fir (PSME) and Lodgepole Pine (PICO) Seedlings
 
Pre-cold Storage and 1 year after field transplant.
 
TREE SPECIES  PUNOAL ISOLATE  IAA carrarz (mg 9-1)
 
PRE-COLD SToRKOE  1 =ARMTEK TRANSPLANT
 
I
 
FREE 
I  MOOMD2  FREE  BOOED
 
I
 
PSME  CONTROL  0.41  0.20
 1.27  2.52
 
RI  0.63*  2.73*  0.39*  4.91*
 
ME  0.32*  1.98  0.42*  3.47*
 
MI  0.30  2.21*  0.31  3.83*
 
ON  0.48  1.70  0.19  3.51*
 
LI  0.45  1.32  0.18
  3.01
 
LE  0.39  1.49  0.21  2.44
 
P100  CONTROL  0.54  4.99
  0.18  5.18
 
RI  0.82*  7.99*  0.52*  9.73*
 
RE  0.75*  7.56*  0.49*  9.50*
 
MI  0.70*  6.70*  0.47*  8.95*
 
ON  0.69*  5.94  0.30*
  6.36
 
LI  0.58  5.81  0.35*  6.38
 
LE  0.49  5.01
  0.22  7.01*
 
*Means significantly greater than controls (p=0.01).
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APPENDIX TABLE A-12: Endogenous Root IAA of Greenhouse-

Grown Bareroot Conifers treated with Plant Growth
 
Regulators.
 
SPECIES  TREATMENT
 
LAOC  IBA
 
STIMROOT
 
ALGINATE
 
MIR=
 
CONTROL
 
PIEN  IBA
 
STINROOT
 
ALGINATE
 MGM
 
CONTROL
 
PICO  IBA
 
SUMROOT
 
ALGINATE
 
ETEREL
 
CONTROL
 
PSIS  IBA
 
STIMROOT
 
ALGINATE
 
=IR=
 
CONTROL
 
FREE'
 
I
 TIME l'
 
0.42*
 
0.37*
 
0.23
 
0.57*
 
0.06
 
0.51*
 
0.63*
 
0.30
 
0.47*
 
0.19
 
0.83
 
0.98*
 
0.52
 
0.61
 
0.63
 
0.76*
 
0.60
 
0.41
 
0.88*
 
0.39
 
IAA CONTENT (ng/g aw)
 
BOUND 
TIME 2  TIME 1  1  TIME 2 
0.21*  7.51*  8.00 
0.11  6.23*  5.62 
0.18*  4.01  2.09 
0.30*  4.26  2.54 
0.10  4.35  2.44 
0.30*  7.21*  4.59 
0.28*  6.72*  6.41 
0.21  3.59  4.85 
0.20  5.00  4.87 
0.24  4.18  4.15 
0.21*  10.74*  7.38* 
0.37*  9.43*  7.01* 
0.15  5.29  6.94* 
0.10  6.10  6.99* 
0.08  4.65  5.01 
0.54*  5.37*  4.75* 
0.59  3.12  3.20 
0.47  1.96  3.00 
0.51*  3.49*  3.29 
0.45  1.52  2.99 
'Time 1 = 2 weeks after planting measurements and Time 2 = 4 months
 
after planting.
 
*Means significantly greater than controls (p=0.01).
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APPENDIX TABLE A-13:  Morphological Responses of
 
Greenhouse Grown Bareroot Conifers to Plant Growth
 
Regulator Treatments.
 
=MIMS  TNNATMMOT  =VIES  SMOOT  MOOT  ISLAM  MATTE  MOOT- LATEMAL  TIMMS
 
(cm)  NMI  ANT  VS  A  SMOOT  SMOG=  A (mm)

NETGET  NSISET  SSIGET  DIANE=  NATIO  (cm)
 
(T)	  (g)  SOMME  a  (Am/SMI

(o/cm  SNOUTS
 
(cmacm
 
41/Lmt	 %Monti
 
A)
  )
 
LAM  ISA	  1  27.52  8.73  6.91  0.79  5.69  2.92
 
2  39.20*  7.46*
  9.29*  6.05*  0.69  5.97*  3.72*
 
STIMMOOT  1  27.36  7.49  6.99  0.93  6.50  2.86
 
2  36.81*  9.45*  7.58*  7.42  4.25  0.80  6.20*  3.39
 
ALGINATE  1  26.25  7.87  6.69
  0.85  6.57  2.69
 
2  35.56*  9.31*  7.01*  7.53  4.33  0.75  7.31*  3.08
 
UMBEL  1	  25.48  6.42  6.98  0.99  5.63  2.68
 
2  32.49  8.01  5.99  7.08  6.45*  0.74  5.58  3.47
 
CONTMOL  1  25.29  6.34  5.73  0.90
  5.52  2.71
 
2  32.70  7.41  5.08  6.42  5.22  0.78  5.36  3.34
 
TIEN  ISA  1  13.62  3.59  3.27	  0.90  3.07  3.71
 
2  20.60  6.61  4.95  9.64
  1.73  0.75*  4.72  3.92
 
STIMMOOT  1  15.53  3.38  3.07  0.85  3.13
  3.47
 
2  22.17*  6.69  4.76  8.95  3.74  0.72*  4.51  4.08
 
ALGINATE  1  14.50  3.92  3.36	  0.84  3.13
  3.49
 
2  21.07*  6.63  4.75  9.42  3.16  0.71*
  4.29  3.96
 
STEAM  1  '15.30  4.62  2.70  2.29
 0.58  3.87
 
2  23.64*  8.27  5.58*  10.80  2.34  0.67
  4.75  4.25
 
COSTS=  1  13.60  4.35  2.79  3.04
 0.63  3.58
 
2  20.10  7.49  4.67  10.90  3.26  0.62
  4.58  4.08
 
TIC°	  DIA  1  15.60  1.13  2.54  2.25  5.69  3.59
 
2  25.85*  10.25*  7.05*  12.62  2.78*  0.68  1.72
  4.01*
 
STIMMOOT  1  16.10  2.30  2.63
  1.14  5.58  3.41
 
2  26.22*  10.12*  6.59  12.19  1.24  0.65  1.57  3.58
 
ALGIMATE  1  15.93  1.10  2.47
  2.79  5.38  3.55
 
2  28.69*  9.76*  8.49*
  10.39  2.47*  0.86*  1.69*  3.92*
 
ATEA=  1  16.80  1.17  2.55  2.17  5.13  3.66
 
2  27.01*  10.21*  7.55*  11.87  1.04  0.74  1.78*  3.72
 
CONTNOL  1  15.30  1.77  2.44
  1.72  5.57  3.47
 
2  21.24  7.94  5.02  11.67  1.11  0.63  1.51  3.63
 
P  DNA  1  12.95  1.70  1.60
  0.94  0.10  2.08
 
2  19.72*  6.00*  5.11*
  9.21  2.18  0.87  5.05*  2.40
 
swimmor  1  '12.80  1.50  1.20
  0.81  0.2  2.05
 
2  19.25  5.85  5.25*  9.68*  1.65  0.73  4.28  2.44
 -
 ALGINATE  1  13.70  1.80  1.45
  0.80  0.2  2.30
 
2  18.70  5.77  5.06*
  9.08  1.06  0.85  4.87  2.64*
 Dom.  1  13.40  1.80  1.55  0.86
 
-

0.2  2.17
 
.  2  18.86  6.06*  5.30*  9.06  4.32*  0.89  4.73  2.19
 
COMTISM  1  13.22  1.95  1.70	  0.87  0.4  2.19
 
2  18.87  5.65  4.41  8.89  2.70
  0.93  4.66  2.27
 
'Time 1 = pre-planting measurements and Time 2 = 4 months
 
after planting.
 
*Means significantly greater than controls (p=0.01).
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APPENDIX TABLE A-15: Accumulated estimated coast per
 
seedling after planting at Durrand Creek 1 ($/seedling).
 
COST (8/seedling)' 
SPECIES'  TREATMENT  SEEDLING I  TREATMENT  I  PLANTING  I  TOTAL 
PSNI-I  Control  0.302  0  0.415  0.717 
Alginate  0.302  0.02900  0.415  0.746 
IBA  0.302  0.03144  0.415  0.748 
Ethrel  0.302  0.06900  0.415  0.786 
Rormogel  0.302  0.03140  0.415  0.748 
PIEN  Control  0.295  0  0.415  0.710 
Alginate  0.295  0.02900  0.415  0.734 
IBA  0.295  0.03144  0.415  0.741 
Ethrel  0.295  0.06900  0.415  0.779 
Rormogel  0.295  0.03140  0.415  0.741 
PICO  Control  0.316  0  0.415  0.731 
Alginate  0.316  0.02900  0.415  0.760 
IBA  0.316  0.03144  0.415  0.762 
Ethrel  0.316  0.06900  0.415  0.800 
Rormogel  0.316  0.03140  0.415  0.762 
'Seedling Cost (SC)= Cost to purchase, prepare site, plant species,
 
stock and treatment
 
= (Seedling + Treatment + Planting) + Administration
 
'Where PSME -I= Douglas -fir, PIEN=Englemann Spruce & PICO=Lodgepole Pine.
 
'See Table A-14 for Cost Assumptions.
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APPENDIX TABLE A-16: Accumulated estimated cost per
 
seedling after planting at Boston Bar ($/seedling)1.
 
. 
mimair.  '  cost ($) 
Mena.  1  Emma=  1  tom.  1  maims*  1  2osaL 
TS=  PIS 313  CONTROL  0.176  0  0.433  0.609 
PSI 313  ALGINATE  0.176  0.029  0.433  0.641 
SENN-I  PIG 323  COMMON.  0.278  0  0.761  1.039 
PO 323  ALGINATE  0.278  0.029  0.761  1.068 
PSS 323  ISA  0.278  0.044  0.761  1.083 
PSS 323  aLsxmashom  0.278  0.063  0.761  1.102 
PIS 323  =SEEL  0.278  0.069  0.761  1.108 
SISO  !SS 323  CONTROL  0.226  0  0.761  0.987 
983 323  STEAM  0.226  0.069  0.761  1.056 
!13 323  !SA  0.226  0.044  0.761  1.031 
LAM  PEN 323  CONTNOL  0.281  0  0.761  1.042 
!SS 323  INA  0.281  0.044  0.761  1.086 
!SS 323  ALGINATE /m&  0.281  0.063  0.761  1.105 
Seedling Cost (SC)  = Cost to purchase, prepare site platmles, stock and treatment
 
=(seedling + treatment + plantiag) +  Aunties'.
 
PISS-1=Xatarior Douglas-fir, inowcoastal Douglas -fir, PIPO=Peederosa Pine sad LADO=Dastern

;arch.
 
Soo fable A-14 for Cost Analysis Assemptions
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APPENDIX TABLE A-17: Durrand Creek Douglas-fir Mean Total
 
Height.
 
TEMATMMET  LIFT TD  I 2MMAIMIMMT TIMM 
1987 
COMMMOL  RAMIS  16.93 
10001COLD  18.66 
MOMMLL  PME,COLD  20.02 
ALUM=  =MIX 
POT-COLD MAD 
20.37 
16.89 
VOST-COLD  16.47 
MOMMLL  11MM-008D  18.24 
POOW-COLD  20.43 
in&  MOLT  PIM-COLD  14.90 
POOT-CLD  13.57 
MOMMILL  VMM-COLD  18.00 
MM.  MAIMS 
PCOW-COLD 
PMMOOLD 
17.91 
18.19 
POST-COLD  18.67 
MOMMLL  IMM-COLD  19.90 
POIM-COLD  18.69 
MOMMOMML  =MIS  PIM-COLO  18.12 
POW-00M  17.49 
MOMMILL  1111MaCOLD  13.37 
POOT-COLD  17.63 
*Means significantly greater than controls (pm0.01).
 
MAN 202n1.
 
I
  isas
 
19.57
 
21.43
 
20.49
 
21.96
 
19.24
 
21.54
 
21.18*
 
23.87*
 
16.99
 
19.41
 
20.92
 
21.82
 
19.38
 
20.45
 
21.74*
 
21.35
 
21.10
 
22.51
 
14.88
 
20.59
 
=MKT (cis) 
i  1989  i  194 
22.11  27.84 
23.54  26.31 
24.47  26.60 
25.80  29.48 
21.39  25.32 
23.59  26.94 
23.73  27.86 
27.49*  32.04* 
19.51  25.89 
22.18  28.36* 
25.52*  30.47* 
25.47  33.14* 
22.48  26.17 
23.94  27.68 
24.25  28.31* 
24.17  28.28 
22.31  25.11 
23.97  25.36 
16.79  18.58 
23.41  25.49 303 
APPENDIX TABLE A-18: Durrand Creek Engleaann Spruce Height
 
20082140112  LIFT 27ME  20082140117 TINE I  NUM TIMM =ISM (cm) 
1987  I  1888  I  1089  I  1988 
000200L  IMELY  PEE-COLD  15.33  18.25  21.63  25.76 
POST COLD  15.97  18.65  21.84  26.05 
NOMMSL  PM0-1001.8  15.83  18.74  22.23  27.16 
POST-COLD  16.73  19.97  22.84  27.49 
ALUM=  IMILZ  1,10-COLD  14.51  18.43  20.81  26.65 
000T-COLD  15.78  20.20*  22.54  27.49 
MOOMML  1118-COLD  15.97  20.67*  23.86*  27.28 
POST -COLD  16.72  21.18*  25.09*  33.63* 
DL  MARLS  PME-COLD  16.23  19.64*  22.39  30.39* 
11.08T-COLD  15.52  20.59*  24.57*  33.67* 
100NRL  PRE-COLD  15.64  20.73*  24.92*  34.29* 
11.002-COLD  16.05  21.41*  24.06*  32.19* 
22110M.  WILT  000,COLD  15.93  18.42  21.26  28.13* 
POST -COD  15.17  18.43  21.49  29.36* 
SCOMML  PAM,COLD  15.38  18.00  21.45  28.64 
POST -COLD  16.52  20.77  23.83  30.96* 
MOMMOCEL  sum  1,011-00L0  15.91  19.05  21.59  29.23* 
POST-COLD  15.85  18.96  22.37  29.84* 
100MILL  PIE,COLO  16.08  19.92*  22.98  31.59* 
POST -SOLD  15.17  18.68  21.35  29.35* 
*Means significantly greater than controls (pe0.01) 304 
APPENDIX TABLE A-19: Durrand Creek Lodgepole Pine Mean
 
Total Height
 
I
 20MMTMMET  LIFT TD
 
COMTMOL  WILT
 
MOMMILL
 
MAIM=  TAM=
 
MOMMIL
 
Ma  MOW
 
MOMMILL
 
MEMEL  MELT
 
MOMMILL
 
MOMMOOM.  Tan=
 
SICOML
 
20802MMET TIME
 
100M-COLD
 
POOT-COLD
 
000-COLD
 
*s-COLD
 
POST-COLD
 
P00.COLD
 
8O0T-008.11
 
VOM,COLD
 
POST -COLD
 
ITS-COLD
 
POOT-COLD
 
IPME-COLD
 
POOT-COLD
 
000-00L0
 
POST-COLD
 
00M-COLD
 
11,001COLD
 
1000,001L0
 
POST-COLD
 
1917
 
16.98
 
16.34
 
18.87
 
17.44
 
12.69
 
15.98
 
14.54
 
14.69
 
13.40
 
14.76
 
14.81
 
14.14
 
14.38
 
15.01
 
14.61
 
13.64
 
12.23
 
14.17
 
10.13
 
13.26
 
MEAN TOTRL MIUMET (cn) 
1  1988  1  1989  1  1990 
18.77  20.84  35.05 
18.84  20.42  34.49 
17.95  21.19  39.46 
19.27  22.09  41.85 
16.73  20.81  32.93 
19.41  23.93  35.61 
19.07  24.65  43.13 
18.87  23.63  50.92 
16.00  19.87  27.19 
16.10  24.36  39.45 
20.51  23.27  56.22 
18.22  23.62  54.49* 
15.96  20.34  28.91 
17.51  22.48  32.76 
16.99  21.46  42.12* 
17.48  22.79  49.14 
14.85  18.23  25.68 
16.03  22.06  34.52 
13.66  16.72  40.92 
16.89  21.20  54.64* 
Means significantly different than controls (P.0.01).
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APPENDIX TABLE A-20:  Durrand Creek Douglas-fir Basal
 
Diameter.
 
TBMAIMMET  LIFT TIMM  TEMATMMET TDB  MMAK BASAL DIAMMTBa (nn) 
1987  I  1988  I  1989  1  1990 
OOSTMOL  MILT  PNE-COLP  2.34  3.32  4.23  3.95 
POST -COLA  2.31  3.27  4.30  5.00 
NOMPRI.  PIM-00LP  2.76  3.99  4.40  4.91 
POST-00LP  2.81  4.05  4.36  5.05 
ALPINISM  SADLY  2.33  3.36  4.46  5.32 
2.28  3.75  4.58  5.83 
NOMMAL  PNE-0OLD  2.32  3.86  4.62  6.22 
POST -COLD  2.82  3.99  5.08  6.95 
IBA  =MIX  PAM-00LP  2.06  3.03  3.66  5.26 
POST-0OLD  2.10  3.79'  4.27  5.91' 
NOMMIL  PIS-0OLD  2.49  3.80  4.59  6.28* 
POST-00LP  2.47  3.83  4.39  5.75' 
=PIM  nay  PPM-COLD  2.31  3.45  3.81  6.19' 
POST-00LP  2.64  3.82*  4.20  6.04' 
sommu.  IMP-00LA  2.75  3.79  4.50  6.23' 
POST -COLD  2.58  4.15'  4.56  6.32' 
NOMMOSEL  =BLS  PIS-COLD  2.50  3.36  4.23  6.27' 
POST-00LP  2.39  3.78*  4.28  6.57' 
NOMMIL  PIP-COLD  2.85  3.52  4.79*  6.73' 
2.43  3.54  4.90'  6.54' 
Means significantly different !ban controls (p=8.81). 306 
APPENDIX TABLE A-21: Durrand Creek Englemann Spruce Basal
 
Diameter
 
TEMATIOnT  LiPT Winn  TanaTMEnT TM, I 
1987 
0002002.  saws  PIE-COLD  1.86 
POST-00Ln  1.92 
NOONKL  PMS,COLD  2.05 
POST-00LM  2.17 
MAIM=  MOLT  PIS-COLD  1.88 
POSTCOLA  1.86 
NOONKL  PM-00Ln  2.07 
POSTCOLA  2.17 
ilk  MILT  PUE,COLD  2.11 
POST-00Ln  2.09 
nOMMILL  PIE-00LID  2.03 
POST-00Ln  2.08 
MEWL  mum  1010-00LO  2.07 
POST-00Ln  2.11 
MOISOLL  1.99 
POSTCOLA  2.14 
MOMMOOML  MRALT  PIS-00Ln  2.06 
POST-COLD  2.01 
MOONILL  P883-00LIP  2.09 
POST-00Ln  1.97 
*Mans significantly diffsrent than controls (1w0.01).
 
NEM BASAL DIMES= () 
I  1988  I  1989  I  1990 
3.78  5.06  7.15 
3.95  5.27  7.79 
4.06  5.59  7.97 
4.04  5.61  8.02 
3.96  3.09  6.97 
3.74  5.18  6.63 
4.20*  5.42  7.74 
4.11  5.49  8.01 
3.83  4.98  8.38* 
3.90  5.11  8.76 
4.29  6.59  9.20 
4.39*  6.40  9.62 
4.08  5.25  6.89 
4.52  5.39  7.13 
4.76  3.88  7.22 
4.19  5.33  8.21 
3.61  4.33  7.56 
3.80  4.87  7.85 
3.88  4.92  8.13 
4.06  5.39  8.05 307 
APPENDIX TABLE A-22: Durrand Creek Lodgepole Pine Basal
 
Diameter
 
TEMAINIM2  LIP! TINE  eSMASSMET TD 
1987 
001M2108.  SMIX  PIE-COLD  2.51 
POOT-COLO  2.40 
nOMMILL  Plin-COLD  2.05 
POST-COLD  2.57 
LOXIILTE  MAILT  1.87 
2.04 
nOMMILL  lonn-COLD  2.14 
POST -COLD  2.17 
EMS  inLZ  PME-COLD  1.98 
POE! -COLD  1.96 
POLL  PIFOOLD  2.18 
MUM  MIS 
POST-COLD 
Pa-COLD 
2.67 
2.12 
POST-COLD  2.01 
MonnaL  PUM,COLD  2.14 
POST-COLD  2.04 
nOMNDOEL  WOW  Pin -COLD  1.81 
POST-COLD  1.75 
nOMMILL  PEE-COLD  1.49 
POST-00M  1.96 
*Means signfienntly different tbaa eomtrols (pe0.01).
 
MEAN MALL SIMMS= (in) 
I  1988  I  1888  I  1990 
3.60  5.21  7.61 
3.75  5.29  7.21 
3.91  5.40  8.16 
3.92  5.28  8.03 
3.09  4.48  6.07 
3.59  4.82  7.11 
3.68  5.29  7.82 
3.63  4.75  8.51* 
3.10  4.28  7.17 
3.48  5.10  8.26* 
4.13*  5.06  8.96* 
4.07*  5.81*  8.79 
3.46  4.55  6.87 
3.50  4.93  7.24 
3.81  5.05  7.42 
3.85  5.31  8.10 
3.31  4.52  6.99 
3.28  4.36  7.02 
3.55  4.52  5.96 
3.71  4.97  6.82 308 
APPENDIX TABLE A-23: Durrand Creek Douglas-fir Annual
 
Increment
 
TIMATIIMMT  LIFT TIME  I 22111A2NMET TINE  NEM =MIL XOCEMNEET (m) 
198S 
I  1989 
I  1990 
COMTMOL  MAILT  PRE-COLD  2.64  2.54  4.00 
POST-COLD  3.39  2.94  4.27 
POEQL  PMFOOLD  3.47  2.98  6.49 
POST-COLD  3.60  2.84  6.33 
MAMA=  RAM=  PME-COLD  2.35  2.15  2.29 
POST-COLD  2.77  3.41*  6.85* 
11011NaL  PME,COLD  3.09  2.58  6.18 
POST -CORD  3.44  3.63*  7.11 
XS&  MIMI  11118-COLD  2.52  2.63  2.65 
POW-COLD  3.29  3.70*  3.49 
NOMMILL  PME.COLD  2.93  2.58  6.37 
11041T-1008,80  4.01  3.66*  8.65* 
MEMEL  NAM=  P118.41.0L11  1.19  3.10  1.93 
POST -COLA  2.31  2.98  4.67 
MOMMILL  P$= -COLD  1.84  3.52*  6.39 
POST -COLD  2.66  3.82*  7.76* 
MOMMOOML  EAMES  PME.COLD  1.98  2.21  2.14 
POST-COLD  2.75  2.54  5.06* 
MOMMILL  PRIFOOLD  2.06  1.97  6.74 
POST-COLD  3.04  2.83  6.10 
+Moans significantly diffsrant than controls (1)=0.01).
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APPENDIX TABLE A-24: Durrand Creek Englemann Spruce
 
Increment.
 
=T TIME  TEMITNMET TIMM  MEM AMOLL TOMMEMUST (ca) 
1988 
I  1989 
I  19911 
COMMOL  KAISS  PIE-COLD  3.92  3.38  4.13 
POST-COM  3.24  3.86  3.66 
NOMMILL  121 -COLD  4.91  2.49  5.93 
POET -COLD  4.40  2.98  6.10 
ALBINA=  MILT  !a -COLD  3.92  2.37  5.84* 
roar-loam  4.25*  3.31  6.42* 
SOMMRL  PES-00M  4.69  3.19  5.97 
POST-COM  4.46  3.91*  8.33* 
Ini  MAIM  1916-COM  3.41  2.76  8.00* 
POST-00M  5.08*  3.89  8.00* 
SOMNSI.  POS-COM  5.09  4.19*  9.38* 
POST-00M  5.36*  2.65*  8.13* 
ITMEEL  Innli  PES-OOLD  2.49  2.84  6.86* 
POST-00Ln  2.62  3.15  7.14* 
SOMNILL  Plin-OOLD  4.33  3.43*  7.19* 
POSTOOLD  3.51  3.12  6.99 
nOMNDOEL  MANILT  ISOFOOLD  3.15  2.57  7.61* 
POST-COM  3.62  3.51  7.97* 
NOMMLL  1111-00M  3.84  4.06*  8.61* 
POST-OOLD  3.36  4.73*  7.89* 
*Means significantly different than centrals (p00.01).
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APPENDIX TABLE A-25:  Durrand Creek Lodgepole Pine
 
Increment.
 
21ERTNEET  wry TINE  TEMMENnni TT=  =IN  MEWL XECIONEET (cn) 
1988 
I  1989 
I  1990 
CONTMOL  Man=  PME-COLD  1.79  5.07  7.37 
POST-COLD  2.00  5.49  7.94 
OMMRL  000-COLD  2.08  4.24  8.26 
00021-COLD  1.84  4.82  9.11 
MUR=  MOMS  1910-0-OLD  4.04*  4.08  5.64 
1061 -00L0  4.27*  3.98  5.02 
0081141L  00F COLD  5.53*  5.58*  9.78 
POST-COLD  3.18*  4.76  13.56* 
XML  MAX.=  18=- CO  2.60*  3.87  7.17 
POST-COLD  3.37*  3.71  8.43 
041001.  000-COLD  5.69*  4.77  13.24* 
11002-0-OLD  4.08*  5.41*  15.47* 
Lam.  MIS  000,COLD  1.58  4.38  7.06 
POST-COLD  2.22  4.89  7.95 
1001MRL  linn..008.0  2.49  4.46  7.70 
P0420-08.11  3.64*  5.47*  8.36 
1OMN00188.  IR=  !1t -COLD  2.62*  3.38  7.97* 
110021.-COLD  3.41*  3.45  9.74* 
1OM&  11110-00L0  3.64*  3.03  7.39 
POST-COLD  3.63*  4.31  8.04 
*Means significantly different than controls (1)=0.01).
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APPENDIX TABLE A-26:  Durrand Creek Douglas-fir Annual
 
Increase in Height Growth.
 
VENAMENET  Law TIER  TEMATEENT TWEE	  AVERAGE  MEM MAMA =IEEE OBOE=
 
NELATIVE
 
MORT GROW=  1988  1989  1980
 Wyr) 
I I
 
COEMEOL  =ELM  3111-COLD  16.6  14.5  12.2  23.0
 
POOR-C-OLD  11.4  13.8  9.4  11.1
 
MCNEAL  PEE-.COLE  13.0  16.0  11.9  11.2
 
POST-COLD  13.4  16.2  11.2  12.9
 
ALBINA=  EARLE  MEE-COLD  13.5  13.0  10.6  16.9
 
VOGT-COLD  16.4  26.8  9.10  13.3
 
MCNEAL  PAIL-COLD  14.1  14.9  11.4  15.2
 
POST -COLD  15.0  15.5  14.1  15.3
 
IAA  NAM=  PRE-COLD  18.4  13.1  13.8*  28.3*
 
POST-COLD  24.6  35.7  13.3  24.6
 
MCNEAL  PEE-00M  17.5  15.0  20.0  17.7
 
POOW.COLD  20.5  19.7  15.5  26.3
 
ETEMEL  EARL!  PEE-COLD  12.1  6.3  14.8*  15.2
 
POST-COLD  13.2  9.1  15.7  14.5
 
MONEIL  P83-COLD  11.7  8.8  10.9  15.5
 
POST -COLD  13.8  13.3  12.4  15.7*
 
MONEOGEL  RAMIS  PRE-COLD  10.9  15.2  5.6  11.5
 
9081COLE  17.1  25.2  6.3  5.6
 
MCNEAL  PRE.COLD  11.0  10.7  12.7  10.1
 
POSE-COLD  12.3  15.5  12.8  8.5
 
Means significantly greater than controls (pea.e1).
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APPENDIX TABLE A-27: Durrand Creek Englemann Spruce Annual
 
Increase in Height Growth.
 
LIFT TIME  AHOY TIMM
 
FMK-COLD 
POOT-COLD 
MOOMRL  PME-COLD 
POET -COLD 
ALOINATM  man=  000-COLD 
POST-CCM 
MOMM0L  PEE-COLD 
POOT-COLD 
180  MELT  PMMaCCILD 
11.00T-008D 
MOMOLL  1108-100L0 
POST-COLD 
=EBEL  TAM=  PMFOOLD 
1100T-COLD 
MOMMRL  11110-4COLD 
POST-COLD 
MOMMOOML  Man=  1110-COLD 
POST-COLD 
MOMMLL  PIM-COLD 
POST -COLD 
*Means significantly greater than controls (pa0.05)
 
AMA= MMLATIVM
 
MILLOET =CM=
 
Wyr)
 
17.3
 
16.3
 
17.9
 
16.5
 
20.3*
 
18.5*
 
17.8
 
23.3*
 
20.9*
 
25.8*
 
26.2*
 
23.2*
 
18.9
 
22.0*
 
20.7*
 
20.9*
 
20.3*
 
21.1*
 
22.5*
 
21.9*
 
IMAM MELATIVX MZIONT
 
1988  1989  1990
 I I
 
17.4  16.9  17.5
 
15.5  15.8  17.6
 
27.0  11.3  15.6
 
17.7  17.7  14.2
 
23.9*  12.1  24.7*
 
24.7*  11.0  19.8*
 
25.8  14.3*  13.4
 
23.7*  17.0  29.3*
 
19.1  13.1  30.5*
 
28.3*  17.7*  31.3*
 
28.2  18.4*  31.9*
 
28.9*  11.7  29.1*
 
14.5  14.3  28.0*
 
19.3*  15.4  31.2*
 
15.7  17.5*  28.9*
 
22.9*  13.7  26.2*
 
18.0  12.5  30.1*
 
17.9  16.5  28.88
 
21.4  14.3*  31.8*
 
20.8*  13.3  31.8*
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APPENDIX TABLE A-28: Durrand Creek Lodgepole Pine Annual
 
Increase in Height Growth.
 
TEMATNEST  LIFT TIMM  21111211Ent TI MS  alma=  MAI IMAMS =IOW
 
MELATIVII
 
MONT OnONIK
 
(6/1r)  1988  1989' 1990 
cams=  =MI  PES,COLD  24.1  10.1  23.9  38.5
 
POST-COLD  24.9  14.2  21.8  38.7
 
NOMPOLL  117O-COLD  27.8  10.4  18.4  54.6
 
POST-COLD  29.2  9.9  22.3  55.2
 
AIM=  WIZ  !a!-COLD  31.8  27.6  21.8  45.9*
 
SOOT-COLD  26.7  19.4  20.9  39.7
 
NOMMILL  9L -COLD  36.2  27.1*  25.7  55.9
 
POST -COLD  41.4  25.0  22.5  76.8
 
MI  23.6  17.7*  21.7  31.4
 
143026.040Ln  32.8  8.7  28.3  61.3*
 
MOMMLL  PME-COLD  44.5  32.6  20.9  79.9
 
POST-COLD  44.9  25.3  25.9  83.6
 
MOM  =MX  PON-COLD  24.4  10.4  24.2  35.1
 
1.0021-COLD  24.9  15.4  24.9  37.6
 
nOnNIU.  WIFCOLD  35.3  15.1  23.3  67.4
 
POST -COLD  42.7  24.8  26.5  76.8
 
nONINCOME.  RAM=  P83-COLD  24.7  19.4  20.5  34.3
 
POST -COLD  29.7  12.3  31.9*  44.8
 
OMISIL  Pni-COLD  43.4  20.5  20.2  89.5
 
POST -COLD  40.5  24.2  22.7  74.5
 
*Mans significantly greater than controls (pm8.81)
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APPENDIX TABLE A-29:  Durrand Creek Douglas-fir Annual
 
Increase in Diameter Growth.
 
TREATMENT  LIFT TIME  TIMM" TD
  ION numaTzvz Duna celosaz (wna, t/yr) 
1988  1989 
I  11190
 
CONTEOL  MILT  PRE-COLD  34.9  24.2
  34.1
 
POOT.COLD  34.7  27.4
  33.3
 
NONNAL  PRACOLD  36.8  18.3  2.3
 
PONINCOLD  36.3  14.0  8.0
 
ALGINATE  EARLE  VAN..COLD  36.6*  28.3*  17.6
 
POOT"COLD  49.7*  19.9  24.1
 
NORMAL  PRIFOOLD  42.6*  17.9  29.7*
 
NOOT"COLD  34.7  24.1*  31.3*
 
INA  RAMIS  PAZ,COLD  38.6*  18.9  36.3*
 
POET.COLD  39.0*  11.9  32.5
 
NORMAL  PRE..COLD  42.3*
  18.9  31.3*
 
POET -.COLD  43.9*  13.6
  26.9*
 
ATENAL  NAN=  GRFOOLD  31.8  9.9  48.3*
 
POOR.COLD  36.9  9.5
  36.3*
 
NORMAL  PUE-01-OLD  32.1  17.2  32.5*
 
POST-COLD  47.3*  9.4  32.6*
 
ROMMOGEL  EARLE  PRIL.COLD  29.6
  23.0  39.3*
 
POST-0OLD  43.8*  12.4  42.8*
 
NONNAL  Pm-caul  21.1  30.8*  34.0*
 
POOTCOLD  37.6  32.5*  28.8*
 
*NUM. SIGPIIMOUITIM mum= TWUNCOWMUCA (P.0.01)
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APPENDIX TABLE A-30: Durrand Creek Engleaann Spruce Annual
 
Increase in Diameter Growth.
 
TEMR2110117  I  LW/TX=  I  TMENEMMITTINE  In= aszawrvz DIAMINA moms (ram, Vika) 
1988 
I  1989 
I  1990 
002001.  PIM-COLD  70.9  29.2  34.6 
0,002-100L0  72.1  28.8  35.1 
11100MRL  PME-0-OLP  73.1  27.2  35.5 
POOT-0-0L0  66.9  28.0  35.7 
MAIM=  (MILT  PIM-COLD  71.9  27.7  31.4 
POST-COLD  69.8  32.6  24.7 
MOIL  0110-COLD  71.7  25.5  35.6 
100021-00L0  63.9  28.9  37.8 
XL&  IAMIX  is -caur  59.6  26.2  52.0 
111007-100L0  59.8  29.6  53.9 
000MRL  PER-0-0L0  70.0  31.2  49.8 
POST-COLD  72.1  23.2  57.7 
110MEL  MALT  PME-COLD  67.8  25.2  27.2 
POOTCOLD  76.1  22.1  27.9 
11101811U.  PME-COLOP  87.2  21.1  20.5 
1000T-0-0L0  67.2  24.1  43.2 
MOMODOEL  NAM=  rms-caga  56.1  18.2  55.7* 
POST -COLD  63.7  24.8  47.7 
MOIOIL  VIE-COLD  61.9  23.7  50.5 
100020(0.0  72.3  28.3  40.1* 
Maas smarzcaleux essass0 ?Eau coerosa (rm8.01)
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APPENDIX TABLE A-31: Durrand Creek Lodgepole Pine Annual
 
Increase in Diameter Growth.
 
musimmor  I  'Alm mem  j  mmazoom TINE  man MIL AT1VZ DIADEM! mama (1.0.1. ohm) 
1988  I  1989  1999 
CONTROL  ZADILT  PQ-COLD  36.1  36.9  37.9 
POST-COLD  44.6  34.4  30.9 
>I  UL  POD-COLD  64.6  32.3  41.3 
POST-COLD  42.2  33.5  38.2 
ALSIELTS  MILT  rs-cciam  50.2  37.1  30.4 
POST-COLD  56.5  29.5  38.9 
MOM=  11112,-COLD  54.2  36.3*  39.1 
POST -COLD  51.4*  26.9  38.3 
1BD  WALT  PRE-COLD  44.8  32.2  51.6 
POST-COLD  57.4  38.2  48.2 
MOSSAL  Pa-COLD  56.3  27.8  57.1 
POST-COLD  34.5  43.2  41.4 
!TEM  DASILT  PIZ-COLD  48.9  27.4  41.2 
POST-COLD  55.3  34.2  38.4 
DOMNAL  PSI-COLD  57.7  28.2  38.5 
POST-COLD  63.5  32.1  42.2 
10188001IL  MILT  PRD-COLD  60.4  31.1  43.6 
POST-COLD  62.8  28.5  47.6* 
NOWN&L  PIS-COLD  86.8  24.1  27.6 
- POST-COLD  63.8  29.2  31.6 
Minus szazrzcaassx =wet mos as  0=0.01) --
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APPENDIX TABLE A-32: Durrand Creek Douglas-fir IAA Content
 
of Roots.
 
TIMSTMMMT  WITT TIMM '  TMENTIMMIT TIMM  IMMOOMMOOM MOOT MIL (u6/0 ra) 
a
 
FALL 1988  iliac 1989  MLL 1969
 I
 
F=  M. a  TR= I  MOD .  rn I  =D. 
OOMTMOL  nom=  PMM-COLD  0.40  2.10  0.21  2.59  0.36  4.21 
TOOT-OOLD  0.43  2.91 
MOMMILL  PMFOOLD  0.55  3.52 
POOT-COLD  0.53  3.99 
ALUM=  MAMLI  PMM,COLD  0.39  2.24  0.28*  3.01  0.29  4.75 
POST -COLA  0.42  2.19 
MOMMIL  PME-COLD  0.40  2.56 
PO ? -COLD  0.49  3.75 
TIMM  =MKS  TEN-COLD  0.56*  3.00*  0.35*  3.98*  0.41*  4.49 
TORT -OOLD  0.63*  4.34*
 
MONK.  PMFOOLD  0.69*  4.10*
 
POST-COLD  0.73*  5.26*
 
. ,

ITEM.  TAM=  PME,COLD  0.43  2.52  0.31*  3.32*  0.37  4.00
 
POOT-OOLD  0.51*  2.98
  ,
 
MOMMILL  PMFOOLD  0.62*  3.50
 
POST-COLD  0.60*  4.86*
 
MOOOML  TAMS  PIII,COLD  0.31  2.75  0.25  2.98  0.20  4.51
 
POST-COLD  0.43  3.21*
 
MOMMILL  PQ-COLD  0.41  2.80
 
POOT-COLD  0.61*  3.89
 
*MMus aucoaricamoz 6111111111111  awls ammeirams (s  .11). 318 
APPENDIX TABLE A-33: Durrand Creek Englemann Spruce IAA
 
Content.
 
TWORTMMET  LIFT TIMM  TECTOMOME TIMM
 
COSTMOL  MARLS  Pa -COLD
 
YOST-COLD
 
MOMNDL  PEW-COLD
 
POST-COLD
 
ALBINA=  DAILY  PMFOOLD
 
YOST-COLD
 
MOMMILL  Pa -COLD
 
POST-COLD
 
DM  DAM=  PSD-COLD
 
POST -COLD
 
NOMMRL  PMFOOLD
 
POST --COLD
 
STMMEL  WILK  PMS-COLD
 
POST -COLD
 
MOMMRL  PIM-COLD
 
POST-COLD
 
ROMMOSEL  MILT  PMS-COLD
 
POST-COLD
 
OSNRL  PMS-COLD
 
POST-COLD
 
Maass szaszricusTs MOT= mos cassess (rm0.01) 
XIMOOMMICOS MOOT ILL (us/0 rs)
 
PALL 1988 
MED. MU 
SPITES 1909 
PINS  MID. 
FALL 1909 
1  ma. sum 
0.23  3.04 
0.20  2.97 
0.19  3.30 
0.21  3.99  0.29  4.36  0.16  4.30 
0.24  3.71 
0.23  4.26 
0.30*  4.00* 
0.27  4.92*  0.23  4.73  0.21  4.21 
0.22  4.76 
0.33*  3.44 
0.49  6.31 
0.41*  3.94  0.37  6.90  0.20  4.30 
0.20  3.00 
0.22  4.23 
0.31  4.01 
0.34  4.37  0.33  3.26  0.19  4.26 
0.17  3.01 
0.19  2.97 
0.29  3.10 
0.47  7.92  0.24  4.01  0.23  3.94 319 
APPENDIX TABLE A-34: Durrand Creek Lodgepole Pine IAA
 
Content.
 
mmumurr  LIT! =me wesmourz2mie
 
COETEOL  EARLE  PRZ-COLD 
POST -COI D 
ROMMEL  PEE-COLD 
POST -COLD 
ALGIERTE  EARLE  FRE-COLD 
POST -COLD 
NOENEL  FRE-COLD 
FOOT-COLD 
IRE  EARLE  PRI-COLD 
FOOT-COLD 
108888L  PEC-COLD 
MOM  MILT  PRE-COLD
 
POST-COLD
 
NORM&  PEE-COLD
 
POST-COLD
 
ROMNOOEL  =ELT  FRE-COLD
 
906T -OLD
 
VOMML  PRE-COLD
 
POST -CORD
 
Maws mamma= imam TON  coleraars ( rO .01) . 
MEDOORMOU8 ROOT IAA Cw8 err) '
 
WALL 1888  I  MIRO MS  FELL 1289 
DERE 1  as.  i  mums I  MEE. 
0.29  2.81 
0.28  4.10 
0.41  3.75 
0.36  4.09  0.10  5.75  0.17  3.02 
0.25  3.23* 
0.20  5.01 
0.29  5.98* 
0.34  6.11*  0.28*  6.00  0.15  4.93* 
0.26  6.38* 
0.31*  7.12* 
0.44  6.77* 
0.52*  9.06*  0.24*  8.92*  0.23*  5.00* 
0.29  4.94* 
0.27  6.05* 
0.34  6.63* 
0.35  6.40*  0.19  7.04*  0.21  3.98 
0.27  2.52 
0.46  3.48 
0.42  5.93* 
0.76*  8.22*  0.12  5.12  0.10  2.73 -------
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APPENDIX TABLE A -35: Durrand Creek Douglas-fir Root
 
Growth.
 
218182NMET  =FT 21 NC 
. 
TOZAMMEME 171811
 
001111101.  1aaT  1111,COLD
 
POW-COLO
 
1011111.  1118-COLD
 
POST -COD
 
MOIRA=  ZABLZ  11111,COLD
 
11011C01.0
 
ZOMMILL  PME-COLD
 
POST -COLD
 
UM  MELT  PME-COLD
 
POST -COLD
 
10111181.  1111-COLD
 
POOV-COLD
 
IMAM  NAB=  111E -COLD
 
0012-COLD
 
10111181.  11111-COLD
 
POST-COLD
 
MOMNOOM.  ZMLI  nimAaaga
 
POST -COLD
 
10111181.  PUZ-COLD
 
post-caw
 
Mans szamascirmy altgATCR raan CONTROLS (int0.01) 
11111 1007 GROW=
 
AN  PLAMINS
 
11 1r  1  nws
 
1.0
 
1.2
 
1.9
 
2.0
 
1.9
 
1.6
 
3.0*
 
2.7*
 
2.6*
 
3.0*
 
2.9*
 
3.2*
 
2.4*
 
2.8*
 
3.2*
 
2.9*
 
1.7
 
1.3
 
1.5
 
1.9
 
3.8
 
4.1
 
5.0
 
4.5
 
4.1
 
5.2*
 
4.6
 
5.7
 
5.9*
 
5.1*
 
6.7*
 
8.9*
 
5.7
 
5.4*
 
7.0*
 
7.6*
 
3.2
 
3.3
 
4.1
 
4.9
 
1988
 
111r
 
3.0
 
3.1
 
3.4
 
4.0
 
3.2
 
3.6
 
4.0
 
4.0
 
3.9*
 
3.5
 
4.0
 
4.0
 
2.7
 
4.0*
 
3.5
 
4.0
 
2.7
 
3.4
 
3.0
 
3.2
 
1  nom
 
12.2
 
11.0
 
10.1
 
15.2
 
10.7
 
12.9
 
18.4
 
19.7
 
13.4*
 
14.9*
 
27.3*
 
24.2*
 
14.4
 
15.9*
 
23.9*
 
22.1
 
12.2
 
11.7
 
15.5
 
12.1
 
c-----­
1111100111 PUMA.
 
COLCM71.
 
its.  1900
 I
 
10  42
 
14  32
 
21*  38
 
8  21
 
15  24
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APPENDIX TABLE A-36: Durrand Creek Englamann Spruce Root
 
Growth and Mycorrhizal Colonization.
 
TEEMS=  LIFT TINE  TEEWEEMMETINE  MEW MOOT SEONTE  PZIA=MEPUEGIL
 
COLON=
 APPLAATIES  1988
 
maim  DNS  RADS 1  MUD  1989  1990
 I  ft  I
 
=ELT  PEE-COLD  1.4  4.4  3.8  20.2
 
POST-COLD  1.4  3.9  3.7  19.5
 
MOONLL  PME-COLD  2.2  6.3  3.4  22.7
 
POST-COLD  2.0  6.2  3.0  21.3  24  57
 
ALIBIE=  =ELI  PME-COLD  1.6  4.2  3.3  18.5
 
POST-COLD  1.8  4.0  3.5  21.7
 
MOMMLL  PER-COLD  2.4  6.4  4.0*  23.4*
 
POST-COLD  2.6*  7.9*  4.0*  20.7  15  67
 
=A  =ALT  PEE-COLD  1.6  4.2  2.9  22.6
 
POST-COLD  2.9*  6.0  4.0  25.4*
 
DOEMILL  PEE-COLD  2.2  6.6  4.0*  26.3*
 
POST-COLD  2.8*  8.1*  4.0*  25.4*  51*  60
 =OM  =ALI  PEE-COLD  1.0  1.0  3.1  12.7
 
POST-COLD  1.8  2.9  3.7  14.8
 
EOMNRI.  PAD -COLD  1.6  5.9  3.5  21.4
 
POST-COLD  2.2  6.9  3.5  18.4  28  32
 
DOMNOSEL  mom  PAIL-COLD  1.0  1.1  3.0  13.2
 
POST-COLD  1.9  2.1  2.9  16.1
 
MOMMLL  PEE-COLD  1.6  4.2  2.9  21.6
 
POST-COLD  2.2  7.1  3.6  19.2  19  30
 
*MUM SIGNIFICIEUX MESTER T  COMMUOLS.
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APPENDIX TABLE A-37: Durrand Creek Lodgepole Pine Root
 
Growth and Mycorrhizal Colonization.
 
Inn12MDT  law Tine  imams= Tim'  DEN MO! MOW=  pinommrsompaL
=WTI=  1968  *mown 
Nazi  Bare  mu Dm%  1989  1990 I I
  1
 
ccuism  Raz=  rime-COLD  1.1  6.7  2.7  20.1
 
rofriLeam  1.3  7.4  2.5  28.2
 
s000L  ims-coLD  2.0  10.5  3.6  24.7
 
poST-com  1.8  9.2  4.0  23.3  49  75
 
ALaxmams  may  1.7  9.7  3.0  21.4
 
1.5  10.3*  3.5*  23.9
 
moms&  pies-com  2.0  15.8*  4.0  30.7*
 
i00! -COLD  2.8*  12.9*  4.0  22.1  46  69
 
xak  ma=  par-COLD  2.0*  11.5*  4.0*  33.3*
 
r08T-Cam  2.7*  16.0*  4.0*  34.5*
 
Fa-Cam  3.5*  14.2*  4.0  42.7*
 
11007-120LD  3.2*  16.7*  4.0  39.4*  59*  73 
mum  MI=  !>: -cam  1.6  7.4  3.7*  27.3* 
pore-Caw  1.3  6.3  3.9*  29.8 
sommaL  PRI-Com  2.1  14.0*  4.0  34.6*
 
posT-co LD  3.0*  12.5*  4.0  32.7*  41  64
 
ommoom  ziamr  IMS-COLD  1.0  9.5  2.3  17.9
 
poef-com  1.7  6.3  2.7  19.8
 
sommaL  mil-coul  2.8  11.5  3.3  22.0
 
posT-cOLD  2.5  7.8  3.6  19.5  29  36
 
LIFT IMO OEM= IIMILX= 15/13/57 am  MillnaLs. 11/26/67

172121110!! Tim IOW= =E-COLD= sic -coso otonam ass IMIT-COLD= loarr-com nwonans.

MIX mom 1=  6-25 or moor IT/1111 MTN if MST noon TIM arse 2 seas In OOO.

2= 25-506, 3= 50 -75%, 4= 75-1601 
WM= noncoms= am nom moo mum or moo moor rams =s m. 
Mos PrICIDIFI FUNCILL COLOWIZ.= !monnoon ancomons. Womna COLOUITAZZON. 323 
APPENDIX TABLE A-38: Durrand Creek Douglas-fir
 
Observational Notes.
 
111/5311311  LIFT TDIS  11112115=11 TX=  PUCE= 1110881  P11/2111  PEWS= LIMAS 
CIILOSOTIC 
1111  1 IR  1 TR  1  211  1 111  211 
COSTIOL  30  41  9  0 15  0 
POST-COLD  24  38  19  23  2  0 
NONSIRL  PIS-COLD  19  41  27  22  0  0 
POST-COLD  20  34  32  13  0  0 
ALIMULTE  1211LY  Pill-COLD  22  16*  22  9  2*  0 
POST-COW  25  24*  29  31  2  0 
101061E  PIM-COLD  22  26*  28  17  8  0 
POST-COLD  20  27  28  10  14  0 
111  PAICLY  P1C-COLD  55  10*  8  60  15  0 
POST-COLD  17  7  20  9*  10  0 
101111L  PIZ-COLD  12*  9*  15*  6*  4  0 
POST-COLD  8*  10*  12*  3*  0  0 
mum  mai  PUB-COLD  3*  2*  3  2  0  0 
POST-COLD  61  42  1*  5  1  0 
1011111.  P1Z-COLD  39  23*  16*  17  <1  0 
POST-COLD  21  8*  29  27  <1  0 
110108201L  'MX  P01-COLD  6*  1*  14  6  1*  0 
POST-CORD  35  0*  12  0  17  0 
1010111.  PICI-COLD  11*  2*  11*  9  0  0 
POST-COLD  15*  4*  8  12  <1  0 
Vitra=  CANT= DIV/BROM THAN CONTROLS (x.4.01)
LIFT TIM VIM= 111CLI'm 10/13/87  -- 110111611.= 11/26/07
11111911:11 TIM 11111=  P><1- 0L  PPA-COLD moms  POST -COLD rorr-oua mews S. 324 
APPENDIX TABLE A-39: Durrand Creek Englemann Spruce
 
Observational Notes.
 
TEMILEMENT  LIFT TDE  TRZLINEET TINE	  MCI=  TilICIENT  PERCENT MEM 
=OWE  CELOSOTIC  ,
1 TR  I  2 TR  1 731  I  2 TR  lad 2 TR 
COMM  EARLY  pies-coca  13 10  28 21  0  0 
POET-COLD  9  22  14  11  <1  0 
ROEMILL  PRE-COLD  25  14  69  14  0  0 
POET-COLD  19  30  52  17  0  0 
ALEIBSE  EL=  PRE-COLD  21  37  28  5*  7  1 
POET-COLD  27  27  42  7  9  4 
NORIELL  Po -COLD  11*  32  32*  13  7  0 
POST-COLD  13  22  39*  12  0  0 
TM  REELE  PRE-COLD  18  12  32  7*  0  0 
5 11* 31 15  4  0 
EOESILL  PRE-COLD  17  9*  25*  8  14 
POET-COLD  5*  14*  47  25  3  2 
=REM  NEELY  PRI-COLD  16  19  45  8*  3  0 
POET-COLD  14  15*  19  16  2  0 
NOEN&L  na-cara  11* 13  23*  10  1  0 
POET-COLD  21  14*  10*  25  0  0 -
10119100E2.  NEELY  PRE-COLD  10  18  14*  13*  0  0 
POET-COLD  2  0*  21  5*  <1  0 
111000IL  PER-COLD  4*  12  17*  7  5  0 
POET-COLD  17  19  30*  18  0  0 
MOOS suoarzaway sass ma amass (r  .01)
LIT TINS =ME NERLIN. 10/13/07 sio E010181P, 11/26/57

VIZA.72110F2 TDB 11=1111 V112-COI.D. Nut-cau woman aro roor-caga. Poems erasaas.
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APPENDIX TABLE A-40: Durrand Creek Lodgepole Pine
 
Observational Notes. 
TIZLIISIET  LEPT Tim  TREATIDDT TINE  MEM IRONS  MOCZNT  PrICNNT IUDS 
1 IRI 2 331  I 3 33t 
CSIDIVOTIC
1a I  2 MI  1 TIL I 2 IR 1 2a 
0010L  sari  PU-COLD  3  4  13  10  4  0  0  0 
POST-COED  9  13  9  4  7  0  0  0 
OINNIL  PRI-COLD  8  7  2  7  5  2  0  7 
POST -COD  3  4  <1  3  10  11  0  0 
ALGINATE  DOZED  Plti-COLD  7  4  7  0  0  0  0  0 
9O11118L 
POST-COLD 
PU-COLD 
4
2 
14 
11 
13 
5 
4 
2 
2 
3 
4 
0 
0 
0 
0 
0 
3  12  6  4  4  0  10  0 
la&  MIMI  P11-COID  11  4  12  11  0  0  0  0 
POST-OCSD  6  3  12  13  5  0  0  0 
11001OLL  !S -COLD  4  3  3  14  8  0  0  0 
POST-COLD  -
6  12  5  2  8  18  6  0 
DIEDXL  NM=  P11-COLD  3  4  2  10  3  9  0  0 
POST-COLD  5  6  - 3  13  7  a  <1  0 
MOMMIL  PM-COLD  2*  7  3  14  5  5  2  5 
POST-COLD  - 5  3  <1  8  3  5  5  0 
10801D0MICL  KINCLX  PU -COLD  0  2  0  0  3  2  0  0 
MOISSIL 
POST-COLD 
PM-COLD 
8 
6 
2
3 
<1 
0 
2 
0 
4 
3 
,..  <1 
5 
0 
5 
0 
8 
POST-COLD  2  5  <1  4  3  4  3 
:Maus  CANS= DIPPER TT TILIUI CONTROLS (P.0 . 01)
LINT TINE MOM WIDE 10/13/87 am PO  L. 11/26/87
INZILTIMIIT TDi =ZED PU-COLD- PRE-COLIII INTOltags as POST-COLD= POW-COLO ITOODAZ. 326 
APPENDIX TABLE A-41: Durrand Creek Douglas-fir Survival.
 
TRELIMINT  LINT Tile  TRIATRIST 
TRW 
I 
8 SIZE  nu. 
1988 
PREACIST SURVIVAL  ( It 
I  spa. 
I  1989 
I  sau. 
I  1989 
I 
I 
sra. 
1991 
II 
I 
rau. 
1990 
CONTROL  ilUILT  93  81  37  37  33  23 
ROOT-COLD  100  95  45  45  39  33 
RONNAL  PRE-COLD  100  96  49  48  43  39 
POOT-COLD  99  97  53  52  50  45 
Juana=  SRI=  PRE-COLD  76  57  21  21  20  20 
POST-COLD  83  81  59*  37  35  34 
NONSOLL  PIX-COID  95  83  83  43  43  41 
LOOT -COLD  98  97  96  53  45  45 
IRA  ZZLT  P93-COLD  49  27  27  16  16  12 
POST-COLD  96  83  83  42  41  41 
NORNL  PRS-COLD  99  84  84  46  45  43 
POOT-COLD  99  96  96  37  55  51 
1150111CL  NAIL!  PRB-COLD  64  40  38  38  37  32 
POST-COLD  96  81  80*  48  48  46 
NORNAL  ras-coca  100  96  92*  51  48  44 
POST -COLD  100  98  93  37  52  49 
MORMON&  RA=  PRO-COLD  31  20  19  12  11  11 
POST-COLD  78  27  23  15  6  6 
NORMAL  PRO-COLD  100  65  67  60  42  31 
POST-COLD  100  97  58  49  47  47 
:Mum simarscazazx causass Avas caorseas (01. 81 ) .
LINT TENN 1INKEI NAIROE 10 /13 /87 sits s080YL 11/26/87 
TIPOLTMENT TDS MUIR PIPZ-COLD= Pes-aza woman ass POST-COLIP Pow-oza woman . 327 
APPENDIX TABLE A-42: Durrand Creek Englemann Spruce
 
Survival.
 
TaaaaT  WIT TIM  TRIOLTNIET TDC  PENC/RT IDECTIVAL ( 8) 
$ um I ram I  wit.  I  ram  I  sipa.  vaLL I
1988 I  1989  I  1989  I  1999  I  1999 
CONDO[.  ME=  PER-COLD  95  94  67  66  64  60 
POET-COLD  99  93  70  64  64  59 
NORML  PEZ-COLD  100  99  91  53  Si  76 
POST-COLD  100  97  75  77  76  71 
LEIKLM  MELT  PER-COLD  100  97*  93*  55*  82*  79* 
POET -COLD  100  99  97*  59*  84*  50* 
DOEML  PER-COLD  100  97  90  75  76  75 
POST-COLD  99  98  95*  54*  50  79* IL  MILT  PEZ-COLD  97  79  79*  65  63  63 
POST-COLD  99  57  55*  79*  77*  77* 
NORMIL  ME-COLD  99  95  90  82  82  30 
POET-COW  100  98  94*  91*  86*  85* 
MEMEL  MELT  PIE-COLD  95  97  55*  79*  71*  65 
POCT-COD  100  99*  95*  94*  89*  53* 
EN9L  PRZ-COLD  100  99  95  95*  95*  59* 
POST-COLD  100  96  57*  92*  78  78* 
MENDEEL  MELT  PRE-COLD  99  90  89*  65  65  61 
POST-COLD  100  95  93*  79  77  74* 
CENAL  PEZ-COLD  100  99  91  55  55  Si 
POET -COLD  100  96  59*  83*  79  76 
:MANS IGNITICANTLI OSFTSTUOTZ VW CONTROLS (1=0.01)
LINT TIM MEM WES= 19 /13 /E7 aim BOIMOlon 11/26/57
TEELTNIDIT TIM ME= PIE -COLD  Pus-caca masa= ays POST-COLD= POST-COLIII STORMS. 328 
APPENDIX TABLE A-43: Durrand Creek Lodgepole Pine
 
Survival.
 
12112LTIMET  LIFT ma'  masa: TXIMI	  IOCET SIVITAL (9) 
8 NS=	  Pte. I  RR.  f  PALL  I  a.  PALL 
1988  1959  1989  1990  1990 I
 
CaDTDOL  PRI-COLD  91  83  79  60  59  49 
POST-COLD  98  91  78  72  71  66 
NONE  Pl5C-COLD  99  92  80  74  73  69 
POST-COLD  100  99  86  86  83  76 
ALOTIOLIE  WILT  PQ -COLD  86  68  67  61  61  54 
POST-COLD  94  93  90  86  79  73 
NONE  PIZ-COLD  98  95  91  87  81  75 
POST-COLD  100  98  98  80  78  75 
XS&  DWELT  PSZ-COLD  50  15  17  15  15  13 
POST-COLD  92  90  89  49  45  42 
NONE  PIM-COLD  100  97  97  62  59  55 
POST-COW  100  94  94  81  81  78 
MTN=  KM=  P83-COLD  98  77  77  70  65  53 
POST-COLD  95  80  75  75  69  64 
110111151.  P8et-CO1D  96  82  82  67  66  65 
POST-COLD  100  96  96  83  83  72 
11018830EL  MOLT  PTC-COLD  61  27  27  20  19  19 
POST-COLD  98  71  68  57  31  47 
BOMNIL  PDS-COD  99  81  81  58  57  55 
POST-COLD  99  95  95  77  74  73 
rams smarxcasers swan Twos comma (511. 01 ) .
LIFT TDM =ERZ DMP= 10/13/87 aim B0811151.= 11/26/87 
TREL211117T rns =ow P8Z-COLD= Poz-ooLo soma= am POST-COLD= Pors-ooL mom= . 329 
APPENDIX TABLE A-44: Durrand Creek Douglas-fir Overwinter
 
Mortality.
 
TSZLISSOIT  L.17: VDU  tililla0IT Tun  PINCISIT 11102TLITT  (11) 
WISTICK 1988­ I WIP  1sas-19901  sziasucrr Timm 
1989 
COQ DOL  44  4 
POST-COLD  40  6 
NOISIDL  PitZ-COLD  47  5 
POST-COLD  44  2  44 
ALOUD=  KU=  PIS -COLD  46  1 
POST-COLD  22*  2 
NOSSOLL  ISZ-COLD  0*  0 
POST-COLD  1*  8  23* 
IDA  SMOLT  PIS-COLD  0*  0 
POST-COLD  0*  1 
DOISILL  P1Z-COLD  0*  1 
POST-CO M  0*  2  0* 
SWIM  =ELT  PRIC-COLD  2*  1 
POST-COLD  1*  0 
BOISSIL  PIS-COLD  6*  3 
POST-COM  5*  5  5* 
OSNDOEL  =IL=  PSZ-COLD  1*  1 
POST-COLD  5*  9 
NOISILL  PIZ-COLD  1*  18 
POST-COW  39  2  11* 
:MUSS SIGNIFICANTLY Burns= TNIUI CONTROLS ( P=0 . 01)
LIFT T33= MERE  15/13/57 a. 1110ENWs 11/26/87 
1311A52OZT :no NSW PIS-COLD= Pm-amp aria= am POST-COLOs Porr-osa svasags. 330 
APPENDIX TABLE A-45: Durrand Creek Englenann Spruce
 
Overwinter Mortality.
 
TIZILTIOT 
00111310L 
ALDEO1331 
/Si 
=DIM 
DOSSIDOEL 
LIR IBM. 
112ILICLT 
10001E 
DAILY 
101110L 
SAXES 
11011INIL 
ZIP= 
DOMMIL 
ZAK= 
1O1081L 
T/WATII3IT TB= ' 
PDZ-COLD 
POST-COLD
 
PIZ-COLD
 
POST­
PDS-COLD
 
POST-COLD
 
Pli-COLD
 
POST-COCA 
1,112-COCA 
POST-COLD
 
P1Z-COLD
 
POST-COLD
 
PSZ-COLD
 
POST-COCA 
PRE-COLD
 
POST-COLD
 
PPZ-COLD
 
POST-COLD
 
PRE-COLD 
1NTIR 1988­
1989
 
27
 
23
 
I
 
19
4

2
 
7

3
 
0
2
 
4
5
 
12
 
4
 
4
 
9
 
1

2
 
8

7
 
PITICKST DOETILITT  (S)
 
I 171Za 1989-19901 !morn  TOISL
 
2
 
0
 
7
 
1  17
 
2*
 
4  11
 
2
 
2
 
0*
 
3
  5
 
8
 
5
 
o
 
4  11
 
3
 
2
 
0 
4
  4
 
rims szasEriounsz sass Tsar corniaLs One .01)
LIFT VDUS =ERZ =MT. 10/13/67 ass 100811- 11/25/87 
1101:1111MIT :no =On PRZ-COLD= Pirs-cara mums ass  POST-COLD  Petrz-oaco swesaas. 331 
APPENDIX TABLE A-46: Durrand Creek Lodgepole Pine
 
Overwinter Mortality.
 
TIMILTNEIT  LIFT VDU  15126591EST TIME 
COMINIOL  MILT  PIE-COLD 
POST-COLD 
NOIDUIL  PDS-COLD 
POST-COLD 
ALOTS&TS  MILT  PIZ-COLD 
POST-COLD 
NOISI&L  PQ-COLD 
POST-COLD  .
 
ma  DIMLY  PPD-COLD
 
POST-COLD
 
110100L  PIZ-COLD
 
POSTED
 
DM=  !MS  PPZ-COGD 
POST -COLD 
MOSNIL  1101-COLD 
POST-COLD 
1040400iL  ISILT  Pu-COLD 
POST-COLD 
11000011.  PlIS-COLD 
POST-COLD 
:MANS  ZONINICARTLY FFFF  TIM CONTROLS (  .01)
PITCINT NOSSISLITY ( %) 
laIITED 199$ - I WI 11151a 1909-19901 :nnny: Tam.

1909
 
4 1
 
13  1
 
12  1
 
13  3 19
 
1 0
 
3*  7

4

0
6 
2  10
 
1 0

1 4
 
0*  3

0  0  19
 
5
0  5
 
0
6
 
0 
1
3
 0 
3
0  1
 
0
6
 
0
1
 
3  15
 
LIFT TUGS MOM VMS= 10/13/97 ass 110111611m 11/26/07
 
INZSISOMPI ?DM 14 IODIE PIZ-COLD= PRE-COLD maws am POST-COLD. Posy-ma ssamase.
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APPENDIX TABLE A-47: Durrand Creek Douglas-fir Oversummer
 
Mortality.
 
mocassacrz  wrz 1738e  assassaort man'  I  (5) PERCEET INDEELLITT 
saw= 1988  I  EOM= 1988  I  SOME 1980 
COMM  ERR=  PRE-COLD  12  0  10 
POST-COLD  5  0  6 
MNIMM  PDR-COW  4  1  4 
POST-COLD  2  1  5 
ELDIELIE  EMELT  PEE-COLD  19  0  2 
POST-COLD  4  22  1 
OENIL  PPR-COLD  12  40  2 
POST-COLD  1  43  0 
TEL  INELY  PRE-COLD  22  11  4 
POET-COLD  13  41  0 
DOWNEL  PRE-COLD  15  38  2 
POST-COLD  3  39  4 
ROOM  MELT  PRE-COLD  24  0  5 
POST-COLD  15  32  2 
MODEM  PRE-COLD  4  41  4 
POST -COLA  2  36  3 
DOENDEEL  DEILY  PIE-COLD  31  7  0 
POST-COLD  31  7  0 
01DOL  PRE-COLD  32  7  11 
POST-COLD  3  9  0 
sounroureur slum= maw cosrama (r0.01).
LEFT TINE REIM WILT= 11/13/87 AM 11108161LI. 11/26/87 
TRELIIONT TINE MERE PRE-COLD= PRE-00LO MOM=  POST-CCER= PosT-ogsa elosass. 333 
APPENDIX TABLE A-48: Durrand Creek Englemann Spruce
 
Oversumer Mortality.
 
.  '  51150LTIMET  LIFT TB=  TIELTIO:111T inn 
mesa 198
(1) PrICIDIPZ NOSISILITT 
5  1  MOWS 1959  I  MSS= 1990 
CONTROL  NDICLT  PPS-COLD  4  1  4 
POST-COLD  6  6  3 
BOISIL  P1Z-COLD  1  3  5 
POST-COW  3  1  s 
ALS1311531  KW=  P1Z-OOLD  3  5  3 
POST-COLD  1  8  4 
NOISOL  P1PZ-COLD  3  12  1 
POST-COLD  1  11  1 
DUI  =MT  PIZ-COLD  18  14  0 
POST-COLD  12  6  0 
11011111L  PDS-COLD  4  8  2 
POST-COLD  2  3  1 
MSS=  ZWIS  PPS-COLD  1  6  6 
POST-COLD  1  1  6 
DOISI&L  PQ-COLD  1  0  6 
POST-COLD  4  s  o 
10118400EL  =SW  Pli-COLD  9  21  4 
POST-COLD  5  14  3 
DOMNIL  PDS-COLD  1  6  4 
POST-COLD  4  6  3 
Moms  caws: une TWI cowntow ( rg.0 .01 )
LIFT TINE =WS 1DI3.T= 10/13/87 am NOISIDLw 11/26/87
rims.= TX= DEM PRE-COLD Pm-ma won= azo POST -COLD- Pose -owa ssonass. 334 
APPENDIX TABLE A-49: Durrand Creek Lodgepole Pine
 
Oversummer Mortality.
 
TRELINSIIT  LINT TIME  71211213OT TAM 
soma 1985 
maw  PRZ-CMA  8 
POST-COLD  7 
1101110L  MR-COLD  6 
POST-COLD  1 
ALSIALIR  RIMS  PRIX-COLD  19 
1 
SORNAL  MR-COLD  3 
POST-COLD  2 
IIIDA  PRE-COLD  32 
POST-COLD  2 
110611611L.  FRS-COLD  3 
Ste.  RAKES 
POST-COLD 
PRE-COLD 
6 
21 
POST-COLD  13 
RORKIL  MR -COLD  14 
POST-COLD  4 
1010930ILL  111111A  PR -COLA  34 
POST-COLD  27 
NORNAL  PIP-COLD  15 
POST-COLD  4 
Mous siouricasess 2:22 Tsar comma  . 01 ) .
LEFT TD NPR= WILT= 10/13/s7 as 10111ILL= 11/26/17
MICR= NORTJILITT  (6) 
I  SODOM 19119  I  otooso loos 
19  10 
6  s 
6  4 
0  7 
3*  7 
4  6 
4  6 
2
2 
3
2 
40  3 
33  1 
13  3 
7*  12 
o  s 
13  1 
13
7 
11
0 
11  4 
23  2 
18  1 
TRIATNIZT TINE NEE= PRE-COLD= PRE-oars mamas As POST-COLD= Pars-eau spos222. 335 
APPENDIX TABLE A-50: Durrand Creek Douglas-fir Cost
 
Analysis
 
TREATMENT  I  LIFT TIM
1 
TREATMENT TIMM 
a 
I  SC'  I  DIMS.`  I  CTP5  CS8 
6 
I  =SS' 
I 
CONTROL  EARLY  PRE -COLD  r  0.717  4348  3117  3.12  0.112 
POST-COLD  0.717  3030  2172  2.17  0.082 
NORMAL  PRE-COLD  0.717  2564  1838  1.84  0.064 
POST-COLD  0.717  2222  1593  1.39  0.052 
ALGINATE  EARLY  PRE-COLD  0.746  5000  3730  3.73  0.147 
POST-COLD  0.746  2941  2194  2.19  0.062 
NORMAL  PRE -COLD  0.746  2439  1819  1.82  0.065 
POST-COLD  0.746  2222  1658  1.66  0.052 
IRA  EARLY  PRE-COLD  0.746  8333  6233  6.23  0.241 
POST-COLD  0.748  2439  1624  1.82  0.064* 
NORMAL  PRE -COLD  0.748  2326  1739  1.74  0.037 
POST-COLD  0.748  1961  1467  1.47  0.044 
ITIREL  EARLY  PRE -COLD  0.786  3125  2456  2.46  0.094* 
POST-COLD  0.786  2174  1709  1.71  0.062 
NORMAL  PRE -COLD  0.766  2273  1786  1.79  0.063 
POST-COLD  0.786  2041  1604  1.60  0.056 
MORMOGEL  EARLY  PRE -COLD  0.748  9091  6800  6.80  0.271 
POST-COLD  0.748  16667  12466  12.47  0.492 
NORMAL  PRE -COLD  0.748  3226  2413  2.41  0.129 
POST-COLD  0.748  2128  1592  1.39  0.063 
LIFT TIM MS= YEARLY= 10/13/87 AND  NORMAL= 9/11/87
 
TREATMENT TIME NEE= PRE-COLD= Paz-Ems STOWS  AND  POST-COLD= Posy -COLD STOWS.
 
SC= SEEDLING COST= COST TO PURCNKSI, PREPARE SITE, PLANT SPECIES, STOCK AND TREATMENT CONNIPTIONS.
 
m(SEEDLING + TREATMENT + PLANTING) + ADMINISTRATION.
 
DENSITY= PLANTING DENSITY =UWE TO ACRIEVI TARGET STOCKING DENSITY.
 
=TARGET /(1 - MORTALITY) 1 0.01 Waal.
 
CTP= COST TO mum. COST TO PLANT TO =SIM TARGET STOCKING DENSITY.
 
=DENSITY I COST (5 /RA).
 
CBS= COST OF SURVIVING SZEDLING (IN TAROKS STOCKING DENSITY).
 
= CTP/sumama (5 /TARGET SEEDLING).
 
K CBs= REIM= COST OF SURVIVING SEEDLING= COST PER CENTIMETER DEIGN! CRONIN PON PADGET STOCKING.
 
= ceshman ($/cm).
 
MEANS  CANTLE LESS SKIM CONTROLS (P=0.01).
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APPENDIX TABLE A-51: Durrand Creek Englemann Spruce Cost
 
Analysis.
 
TEEATHINT  I LIFT TDMI  I  13OATIGINT  I  se'  I  mems.'  I  ca'  I  came'  I  was' 
COMTEOL  EARLY  PIZ-COLD  0.710  1667  1154  1.18  0.034 
POST-COLD  0.710  1695  1203  1.20  0.033 
NOMMEL  PRE-COLD  0.710  1316  934  0.93  0.028 
POST-COLD  0.710  1410  1001  1.00  0.020 
ALGINATE  MELT  PRE-COLD  0.734  1266  929'  0.93  0.028 
POST-COLD  0.734  1250  917  0.92  0.026 
MOSHE&  PRO -COLD  0.734  1333  978  0.98  0.023 
POST-COLD  0.734  1266  929  0.93  0.018 
INA  ZIELT  PRE-COLD  0.741  1587  1176  1.18  0.043 
POST-COLD  0.741  1298  962  0.96  0.024* 
NOMMEL  PRE-COLD  0.741  1250  926  0.93  0.016* 
POST-COLD  0.741  1176  871  0.87  0.016 
ITEREL  EARLS  PRZ-COLD  0.779  1538  1198  1.10  0.041 
POST-COLD  0.779  1205  939  0.94*  0.029* 
NOMMEL  PRE-COLD  0.779  1123  875  0.87  0.021 
POST-COLD  0.779  1252  999  0.99  0.020 
MOEMODEL  MILT  PIE-COLD  0.741  1639  1214*  1.21  0.047 
POST-COLD  0.741  1331  1001  1.00  0.029 
HOMMEL  PRE-COLD  0.741  1234  914  0.91  0.022 
POST-COLD  0.741  1316  975  0.97  0.018 
LIFT WHO =ERE ZAHLT= 10/13/87 as MODEL 11/9/87 
TIOA191521T TINE MEI= PHI-COLD= Pes-ccaa eggangs asm POST-COLD= Poe! -COL. rzoanas.
 
SC= SZEDLING war. COST 10 PONCEEME, PIMPS= 0111, WANT SPECIES, STOCC as TIMICOMMIT COSINEITONS. 
sessumos + vanamay + mamma) + nmagogoarzaa. 
BENS44 DEEErrr= PURITIES MEM seaway To magma sager stocagg ngagrzy. 
=gamsgr/(1-igamenzaws) 11.01 (Ma). 
CTP= COST 20 PLENA= COST TO MEET 10 MCKIM IMPORT STOCZESO 
.wararrir I cos: ($ /M). 
COP= COST OF SURVIVING SZEDEING (II snaggy gamy= magurg).
= CIP/ssomirs ($ /sasses smissmo). 
amp. manor, OMM Or SURVIVIIMI SZEDLIEGgs Co.? PER CENTIMETER =ISOM MONTE POE TERSER sac==s.

Cia/szaar ($ /as).
*Nos szawriccussz sass tuam coarama (r=0.01). 337 
APPENDIX TABLE A-52: Durrand Creek Lodgepole Pine Cost
 
Analysis.
 
Tionsmem  1  Law Time  I  INZIONENT  OC 
.  Ems.'  me  1  me  I  acs*, 
I 
CONTROL  WOOLY  PER-COLD  0.731  2041  1492  1.49  0.042 
POST-COLD  0.731  1515  1107  1.11  0.032 
NORNOL  PRE-COLD  0.731  1449  1059  1.06  0.032 
POST-COLD  0.731  1316  962  0.96  0.020 
AMIGO=  TAR=  PEO-COLD  0.760  1852  1407  1.41  0.043 
POST-COLD  0.760  1369  1040  1.04  0.029 
=MOM  PRE-COLD  0.760  1333  1013  1.01  0.023 
POST-COLD  0.760  1333  1013  1.01  0.020 
MY  EWE.!  PRE-COLD  0.762  7692  5861  5.86  0.215 
POST-COLD  0.762  2381  1814  1.01  0.046 
NONNAL  PIE-COLD  0.762  1724  1314  1.31  0.023 
POST-COLD  0.762  1282  977  0.98  0.018 
=REEL  MERLE  PRO-COLD  0.800  1887  1510  1.51  0.053 
POST-COLD  0.800  1562  1249  1.25  0.038 
IMMO.  PNE-COLD  0.800  1538  1230  1.23  0.029 
POST-COLD  0.800  1389  1111  1.11  0.022 
NONNOGEL  PAOLI  POO-COLD  0.762  5263  4010  4.01  0.156 
POST-COLD  0.762  2128  1621  1.62  0.047 
NDENRI.  PRE-COLD  0.762  1818  1385  1.38  0.034 
POST-COLD  0.762  1369  1043  1.04  0.019 
LIFT TD ism wax= 18/13/07  NONNOL= 11/2607 
TRENTIMET TT= =NM PRO-COLD= loss-osia masa= as POST-COLD= Porr-cau rommo. 
SC= =SLIM COST= Corr 10 Nnrc Ems, MSS= SIM,  mass WICKES, STOCK SSD TSKIIIIIKET CONSINIXIOINI. 
m(SESIIILISS t TILTSZNIZIT t SZANTINO)
=Mt.= DEROITTos Warn= aelisITT massasix TO aousmc Tama Arzonso sauszTr. 
omasser/(1-Norno1Tr) X  .01 (I /m). 
CEP= COST TO FLIRT= COST TO MAIM WO =KIK= IMMO S1OCK1110 ISSISZTT. 
oeCIFKITT X COST ($/m). 
COS= COST OF SORTIVING IIIDLIEG (of lamer STOCE1110  semsrsT). 
7  = CTID/sommus Wagner . assmiNG).
ECS.77 LOIOST COST  CM  SORVITING SEEDLING= Coro as camenorsEs sum worm rot maser isvcsows.
= cashiszem ($ /m). 
Mass inammtasssz was Toss comma (r=0.01).
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APPENDIX TABLE A-53: Survival, Lamas Growth, Forking and
 
Browse at Boston Bar over 3 years.
 
SPICIER  TIZLISORT  SOIVIVAL  IRONS  PRELIM  IANNI 
(5)  (5)  (5)  (5) 
2  3  1 
1  1  2  I  3  TR  TR  TR 
lac  Caws=,  89  32  23  0  33  8  16  16  20 
Mamma=  59  53*  44*  17*  100*  0  60*  13  16 
Pm  Cowan.  98  84  80  8  78  5  SO  8  18 
Mammas  91  OS  78  30*  100*  10  96*  0  7 
IR&  100  55*  87*  15  39  0  56  10  7 
Bmannam/138.  98  78  73  12  70  0  29  14  7 
Mama  100  91*  79  17*  26  0  SO  0  SO* 
Pm  COMM&  100  100  100  0  7  7  9  0  0 
VIM&  100  100  100  3  2  3  8  0  9 
IR&  100  100  100  7*  0  0  3  1  3 
Da  COMM&  100  100  100  0  40  20  38  9  0 
TM  100  100  100  6  7  3  14  8  4 
Mamma=s /ma  100  100  100  5  3  1  12  10  1 
CIUMILINO ram Paommaimaa Pas. 
AITIMMDEC TIRIR 11-541 Tow. Mama or Saccams aim Torastrzwr Carsimawass  as Borns Ram. 
SPECIES  TEMATMEMT  TOTIL IT (cm)
 
1987  1988  1989  1990
 I I  I
 
Vac  COMM  21.99  27.97  31.75  44.19
 
lacunas  19.32  25.30  32.78  54.81*
 
Ira  Camera  29.34  39.05  46.93  62.06
 
Mamma=  33.35*  42.97*  50.09*  61.10*
 
EA.  30.58  40.07*  51.77*  67.48*
 
A7a1omas/131A  30.83  39.61  46.63  61.30
 
NM=  32.02*  37.95  43.00  63.11
 
PT  Cowes.  12.65  24.35  53.80  63.42
 
Man  11.42  25.78  59.23*  72.85*
 
XMA  12.34  26.04*  61.49*  75.11*
 
IR  COMM  25.89  58.09  83.24  114.54
 
TM&  26.41  60.61*  88.76*  123.06*
 
Mama = /ISM  24.98  58.18  90.33*  120.63*
 
Moms simmarzcamms smarm woo comma (rm0.01).
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APPENDIX TABLE A-55: Annual Increase in Height Growth of
 
Species and Treatment Combinations at Boston Bar.
 
1110=00  200A2m0mT  ION attar vs awn: MOIRE (a0/014 Siva) 
1988'  1989  1990  Tomse I
  I 1
 
Wic  comm.  24.0  12.7  33.1  23.3
 
Amnia=  27.8*  25.1*  51.4*  34.8*
 
NM  CONIVOL  28.6  18.4  27.9  24.9
 
amoriNaT  25.3  15.3  28.2  22.9
 
XIM  27.0  25.6*  27.5  26.4*
 
Ausimm/X00  25.8  16.3  27.3  22.9
 
Urns  17.0  17.0  33.8*  22.6
 
NT  CoNTROL  65.5  79.3  19.5  54.7
 
nom&
  81.4*  83.2*  20.7  61.8*
 
MY  74.7*  85.9*  20.0  60.2*
 
IN  Comm&  80.8  35.9
  31.9  49.6
 
ink  83.1  38.2  34.9  51.3
 
Amumeillk  84.5*  43.9*  35.3*  54.6*
 
CATTLT coiromma TURN CONTROLS
 
APPENDIX TABLE A-56: Annual Increment of Species and
 
Treatment Combinations at Boston Bar.
 
000C200  000A20007
 
1988
 
roc  ammOL  6.74
 
ALInliall  6.71
 
PM  Coma .  9.71
 
Mammas  9.62
 
MA  9.47
 
AmemaraiRL  8.78
 
Mum  5.95
 
is  °m em  11.09
 
Mum  13.93*
 
XS&  12.78
 
Co.
 10,  liVo  32.20
 
XI&  35.26*
 
0mynimilaila  33.04
 
CURL: SIMMONS TURN comma (5=0.01)
 
118000001100L X001000000
 
I  1989
 
9.55
 
11.01*
 
14.85
 
17.11*
 
17.46*
 
13.54
 
15.30
 
30.84
 
32.49
 
34.31*
 
29.13
 
27.57
 
31.50*
 
cm
 
1990
 )
 
10.75
 
22.92*
 
14.60
 
17.93*
 
16.36
 
17.27*
 
20.96*
 
11.65
 
12.61
 
12.89*
 
33.55
 
34.19
 
36.42*
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APPENDIX TABLE A-57: Basal Diameter of Species and
 
Treatment Combinations at Boston Bar.
 
SPECIES  TEMATMEET  MAN NASAL D IAMETER
 
191$  1989
  1990
 
Pic  Costs.  5.66  6.86
  7.25
 
Simms  4.97  7.80  10.07*
 
Piz  Comm.  6.85  9.55
  10.66
 
Awns=  8.40  10.43  12.81
 
ESL  7.26  10.96*  13.03*
 
AmmummaiAL  7.84  10.07  12.20*
 
Elsa  6.17  9.21  10.26
 
Pr  Emmemem  6.88  12.07  14.07
 
Emma  6.81  12.00  13.93
 
ELL  7.95*  13.42*  15.69*
 
Im  Comm  8.69  13.90  15.93
 
ERA  9.73*  16.02*  19.89*
 
Ammumaw/XMA  9.98*  15.97*  18.24
 
Mamas sumarzcsmerm mom= Imam comma (r8.01).
 
APPENDIX TABLE A-58: Annual Increase in Basal Diameter
 
Growth of Species and Treatment Combinations at Boston
 
Bar.
 
SPECIES  TEMATAMET  IM:LTIVE DIAMETER swim  shit) 
1989' 
I  1998  TOTAL 
Pic  Commumm  19.2  5.5  8.2 
ALOS/M27Z  45.1  31.6*  23.5* 
PAT  Comma  33.2  10.9  14.7 
Amelia=  21.6  20.5*  14.1 
ESL  41.2*  17.3  19.5* 
Amasses /IL  25.0  44.2*  14.7 
!TIMM  40.0*  10.8  16.9 
PT  Cassia  56.2  15.3  23.8 
RMOML  56.6  14.9  23.8 
IRA  32.3  15.6  22.6 
Lm  Comm&  46.9  13.6  20.2 
ELL  49.9  21.6*  23.8* 
Ammumam/XAL  53.1*  13.3  20.1 
Mums BIGNIICAMTLY rrrrr RENT TIAN comma (P.4.01)
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APPENDIX TABLE A-59: Root Growth, IAA Content and Dry
 
Weight of Subsampled 1 year old Seedlings of Species and
 
Treatment Combinations at Boston Bar.
 
WWI=  TEMMTNEW 
Plc  Comm 
Ammo= 
7.1  Comm. 
=Jammu 
UM 
amasses /tai 
IR2.sA& 
71  COMWM 
Mims. 
MA 
L  cos. erom 
tai 
isommay/XML 
I Now IL caraerr owths Ninl 
*Mae SIGIUMUMT SEW= WWI COMICILS (.0.11). 
DIN  1R IT (S) 
SMOOT  I  mom 
17.26  50.20 
17.92  56.28* 
17.40  52.10 
18.10  76.45* 
20.42*  82.95* 
19.34*  71.84* 
15.21  58.36 
24.37  69.72 
27.49*  70.14* 
29.31*  76.28* 
47.75  76.44 
52.51*  92.91* 
49.46  81.43* 
W sow Grow= (s) 
<0.5cm  >1.0cm
 I
 
10  13
 
15  29*
 
32  39
 
24  52*
 
37*  58*
 
30  41
 
49*  15
 
21  27
 
63*  25
 
33  47*
 
29  32
 
43*  57*
 
39*  41*
 
I
  FMK
 
0.40
 
0.41
 
0.40
 
0.49
 
0.83
 
0.51
 
0.46
 
0.59
 
0.62
 
0.91
 
0.45
 
0.73
 
0.57
 
WOMB
 I
 
1.44
 
1.40
 
1.21
 
1.93*
 
3.36*
 
1.85*
 
1.26
 
1.48
 
1.37
 
2.32*
 
1.23
 
2.95*
 
1.89*
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APPENDIX TABLE A-60: Cost Analysis Summary For Boston Bar.
 
Emirs  I  TMEATMENT  MCI  I  2111114'  I  Cle  I  cas'  I  mcsie 
Pt=  COMING  0.609  3918  2356  2.39  0.054 
Fe=  A1az 1M  0.641  2250  1442  1.44  0.026 
PSI  COMMA  1.039  1250  1299  1.29  0.021 
Fez  ALGI SATS  1.068  1278  1364  1.36  0.021 
Fs:  IBA  1.083  1154  1249  1.25  0.018 
PSI  AramirmaILL  1.102  1364  1503  1.50  0.021 
Fox  Mum.  1.108  1257  1392  1.39  0.022 
Fr  CONTROL  0.987  1000  987  0.98  0.015 
Fr  ilWX.  1.056  1000  1056  1.06  0.014 
Fr  MA  1.031  1000  1031  1.03  0.013 
Lw  1.042  1000  1042  1.04  0.009 
Lr  IBA  1.086  1000  1086  1.09  0.008 
Lot  Aram aic/1SL  1.105  1000  1105  1.10  0.008 
ANC = SINSLINS COST = COST TO PIIRCRAST  PRE/11112 /Iles MAW/ SOW  STOCK AND TREATMENT CONSINATIONS 
(scenuma + TRRILTNTST  + mamma) + AominsraArzom = ($/sesozamo)
=KN.= =MUTT  = PLANTING MKS IT! MRCSS SART TO ACHIEVE TARGET STOCKING DEWITT . 
= TARGET ( 1.MORTALITT )  0.01 
(i/ma) 
C=IF is COST TO 'LAST = COST TO PLANT  TO Arum  TARGET SRNS ITT. 
= DINS ITT  COST 
= (8/1m)
CBB = COST Or BORVIVINS  ( IN  rimer STOCKING SENSITT). 
CTF/scrours 
(S /TARGET seemans)
Wan  = MINOT COST ancramo NIZSLINS = COST PER CKIITINATER SZIONT GROUTS /OR TARGET. 
= CSS/NTIOST
(0/a)
Ida SIONIFICANZIN LEIS TEAM mamma (r.0.01). 343 
APPENDIX TABLE A-14: Assumptions for Cost Analysis.
 
(1)  ADMINISTRATION COSTS ARE INDEPENDENT OF SPECIES, STOCK TYPE AND TREATMENT.
 
(2)  ADMINISTRATION AND SUPERVISION COSTS COVER ALL TASKS TO mamma.
 
(3)  DALT own PLATTING, =maw coolness,/ MORE =PENSIVE.
 
(4)
 CONSTANT PLANTING soLgRancs ATTAINED AND INDEPENDENT OF SPECIES, STOCK TYPE AND TREATMENT.
 
(3) NORWITZ WED ON ExpEarNENTAL =WACO TRIALS.
 
(4)  STOCK COST Is ram MARKET VALUE UNDER PROGRESS PAYMENT SYSTEM AND mums PACKING COSTS. 
(7)  SITE PREPARATION ss CLEAR cos AND /LASE BURNED, mesas ADD TO COSTS. 
(5)  NO PROVISION FOR 'VALUE - ADDED' TREATMENTS SUMO AS WOOING AND WEEDING. 
(5)  No PROVISION FOR REPLANTING OR FILL -IN 'Lamm. 
(10) TRANSPORTATION COSTS NOT INCLUDED AND ARE SPECIES, STOCK AND TREATMENT INDEPENDENT.
 
(11) DOES NOT INCLUDE SPECIALTY ON SITE STORAGE COSTS.
 
(12) DOES NOT INCLUDE ROAD REPAIR AND SNOW CLEARING COST ASSOCIATED NITS MILT ACCESS.
 
(13) MORTALITY AT END OF 3RD TEAR IS ASSUMED TO SE STABLE TILL FREE GROWING SURVEY.
 
(14) Snow DAMAGE W NOT BEEN DISCOUNTED FROM SPECIES, STOCK AND TREATMENT COMBINATIONS.
 
(13) PLANTING COSTS or PSI 313 WED on COMMERCIAL Expeamscs.
 
(14) PLATTino costs or PEN 323 WED ON ESTIMATE or 1.77 COST TO PLANT Pila 313.
 
(17) SEEDLING cosT mesa ON PROGRESS PAYMENT SYSTEM USING COMMERCIAL EQUIVALENT RATE, DOES NOT
 INCLUDE STOWE
 
COSTS OR TRANSPORT COSTS.
 
(14) IAA APPLICATION CALCULATED AT 15% or swarms COST.
 
(111) ALSIMATS APPLICATION CALCULATED AT 124 OF MATERIAL COST.
 
(20) Irma= APPLICATION CALCULATES AT 13% OF MATERIAL COST.
 
(21) COSTS NOT INTEREST BEARING.
 
(22) TARGET STOCKING WED ON 1000 TREES FEE NECTARS.
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APPENDIX TABLE A-61: Morphological responses of bareroot
 
Interior Douglas-fir and Ponderosa Pine inoculated with
 
various mycorrhisal fungi.
 
TEEM SPECIES  FUNGAL  I  TOTEL MONT  SWOTS=  MOOT COLLAR  MOOTS=  noor/smoor 
ISOLATE  (as)  EMMET (s)  DIAMETER (me)  SEISM (e)  RATIO 
(s/ow) 
PSNI-I  COMMA  18.47  3.94  3.17  5.49  1.29 
. 
II  21.14  2.72  4.11  6.46  2.50* 
NE  19.54  3.08  4.20  9.07*  2.43* 
NI  21.35  2.56  3.97  7.20*  3.26* 
NE  31.91*  6.63*  5.19*  6.03  0.87_ 
LI  34.52*  8.80*  5.66*  9.39*  1.15 
Ii  33.16*  6.14*  4.82*  6.19  1.25 
PIPO  COBETDOL.  31.34  9.42  4.39  4.01  0.31 
II  36.34  15.56*  5.23*  3.18  0.33 
EX  40.13*  14.92*  4.64  5.92*  0.37 
NI  35.17  8.26  4.54  4.60  0.70* 
NE  46.76*  14.59*  7.54*  13.02*  1.56* 
LI  42.52*  11.24*  6.54*  14.14*  1.59* 
Ii  43.60*  11.10*  6.19*  12.65*  2.67* 
APPENDIX TABLE A-62: Morphological responses of inoculated
 
bareroot Interior Douglas-fir and Ponderosa Pine one year
 
after transplanting.
 
TEEM SPECIES  POE SAL  TOTAL IT  SMOTE=  SOOT COLLIE  MOOTS=  som/mommr 
ISOLATE  (a)  NEIGET (e)  DIAMETER (ms)  SEISED (0)  MATZO 
(s/s mg) 
PSNE,I  COETEOL  31.80  8.17  5.32  5.13  0.57
 
RI  42.77*  12.52*  6.35*  12.05*  1.22*
 
ME  36.29  8.61  6.08  14.04*  1.64*
 
NI  39.45*  8.57  5.73  12.66*  1.44*
 
NE  39.24*  10.14*  6.17*  6.29  0.61
 
LI  40.58*  6.41  5.12  3.45  0.54
 
LE  41.35*  8.18  5.84  4.71  0.58
 
PIPO  COMMA  46.24  13.90  7.81  16.30  1.12
 
II  60.07*  19.48*  8.68*  18.73  0.99
 
EX  59.97*  16.71  8.22  19.10*  1.14
 
NI  57.91*  18.65*  8.02  18.08  0.94
 
NE  44.92  16.09  8.75*  20.48*  1.25*
 
LI  45.52  12.88  7.41  16.47  1.24*
 
LE  48.61  15.71  7.19  23.09*  1.36*
 
*1  szaaricaasis GEXIITER TINY 00111MOLS  (rO.01). 345 
APPENDIX TABLE A-63: Mycorrhisal colonisation and
 
endogenous IAA Content of Interior Douglas-fir and
 
Ponderosa Pine roots one year after transplanting.
 
TREE  FUNGAL  112CORREIAL COLONIAL=  IMILEGATENT 
111,ECIES  ISOLATE 
AT FLIRTING  OM TEAR A  AMBIT= 
AFTER 
FLIRTING  FREE  I  DOOND  FEES  I  SOUND 
FONE-I  10Q  12.4  36.9  1.22  1.42  6.12  2.71 
AI  72.6*  64.7*  .93*  2.85*  .30*  4.103* 
AR  63.10*  54.1*  .60*  1.58  0.15  3.84* 
XI  81.6*  39.4  0.82*  2.44*  .24*  2.48 
NE  52.0*  48.1*  .79*  1.82  .12  2.21 
LI  60.5*  31.8  0.27  1.97*  0.21*  3.50* 
LE  68.4*  43.7*  .54*  2.12*  0.43*  3.94* 
PIPE  NONE  7.3  29.4  .72  4.19  0.20  6.28 
RI  101.7*  74.2*  1.23*  6.23*  0.41*  10.28* 
ER  63.8*  31.5  .92*  7.56*  0.12  8.32* 
XI  81.2*  78.4*  1.05*  5.111*  .30*  5.810 
IS  73.8*  61.2*  0.78  6.24*  .36*  9.56* 
LI  - 69.5*  24.5  .87  4.39  0.110  9.42* 
LE  75.0*  510.3*  .1111*  6.14*  .23  6.94 
*Maas szalarzimesx warn mar colasaca (r*0.01). 346 
APPENDIX TABLE A-64: Stability of 5 week Old Mycorrhizal
 
Fungal Culture IAA Content over a one year period.
 
ISOLATE  COLTURK FILTRATE IAA CONTENT (us crl mrciasim. am)
 
INITIAL  1  SIX MONTHS  I  ONE TEAR 
Am-1  33.90 a  21.73 A  30.04 AD 
Am-2  36.02 a  22.53 A  44.67 c 
Am-3  54.31 A  76.55 a  70.61 a 
Am-4  2.25 a  1.21 A  3.48 A 
LL-1  24.00 c  2.49 A  13.37 a 
LL-7  6.56 A  8.42 A  10.51 a 
LL-11  58.04 A  55.05 A  60.47 A 
LL-14  61.83 a  22.19 A  35.41 A 
LL-17  10.27 A  8.45 A  9.10 A 
LL-19  22.89 A  27.59 AB  34.81 is 
Rv-1  0.54s  <0.01A  1.768 
Rv-2  20.48 a  5.20 A  8.43 AB 
Rv-3  22.17 A  28.93 AB  35.86 a 
Rv-4  0.21A  1.44A  1.07A 
Rv-5  65.78 c  15.70 A  31.42 s 
Rv-6  73.00 AS  61.25 A  89.41s 
Rv-8  5.43 A  7.76 A  8.23 is 
Rv-9  6.74 A  9.58 A  8.63 A 
PT-1  8.41A  11.04A  7.21k 
PT-2  13.73 A  19.42 B  20.00 a 
He -1  26.44 A  35.66 A  31.32 A 
He -2  0.23 A  0.30 A  0.47 A 
Bs-1  7.88A  24.56a  16.21a 
BE-2  3.63 A  2.15 A  6.48 A 
Az-3  7.86 A  3.09 A  3.50 AB 
CM-1  71.44 A  67.05 A  59.42 A 
CG-2  6.11 A  8.69 A  9.95 A 
CO-3  2.58 A  1.37 A  2.05 A 
Ss-1  4.99 A  8.41 A  8.37 A 
Ss-2  34.00 A  49.26 a  46.54 a 
Ss-3  21.81 A  21.47 A  58.96 A 
Ss-4  5.60 II  2.15 A  2.80 AS 
SL-1  0.51 Al  0.74 a  0.32 A 
SL-3  3.19 A  2.58 A  6.71 A 
*MAAS NIIMIN WWI ROW FOLLOWED IT VII SANE LiTTNA ARE NOV SIONIPICOMMT DIFTIRRNT (N.00.05) 347 
APPENDIX TABLE A-65: Stability of 5 week Old Nycorrhisal
 
Fungal Culture Ethylene Content over a one year period.
 
ISOLATE  =RILE= PRODUCTION (se amilisclimcl)
 
INITIAL  sax MONTHS  I  ONE YEAR 
Am-1  0.08 A  0.09 A  0.12 A 
Am-2  <0.01 A  <0.01 A  <0.01 A 
Am-3  0.57 Al  0.60 a  0.53 A 
Am-4  0.34 A  0.59 s  0.54 s 
La-1  0.03 A  0.08 A  0.07 A 
LL -2  0.34 A  0.49 is  0.44 AB 
La-7  0.02 A  0.02 A  0.14 is 
La-11  0.37 s  0.21 A  0.24 AB 
LL -14  0.02 A  0.05 A  0.09 is 
LL -17  0.55 A  0.62 A  0.59 A 
LL -19  0.39 A  0.34 A  0.35 A 
Hr-1  0.02 A  0.01 A  <0.01 A 
Rv-2  0.57 A  0.46 A  0.44 A 
Rv-5  0.01 A  0.01a  0.03A 
Rv-7  1.10A  0.98A  1.23a 
111,-8  0.34 A  0.49 A  0.44 A 
Hr-9  0.91 A  0.86 A  0.95 A 
PT-1  0.29 B  0.32 is  0.25 A 
PT-2  0.03 A  0.01 A  0.01 A 
PT-3  0.723  0.59 A  0.713 
Ac-1  0.27 A  0.22 A  0.31 A 
He -2  0.30 A  0.38 A  0.45 A 
18z-1  0.27 A  0.32 A  0.30 A 
Bi -2  0.48 A  0.59 B  0.763 
5m-3  0.07 A  <0.01 A  <0.01 A 
C1-2  0.05 A  0.07 A  0.06 A 
C1-3  0.123  0.093  0.01A 
Ss-1  0.54 A  0.76 is  0.69 AB 
Ss-4  0.51A  0.71 AS  0.813 
Sr. -1  0.43 A  0.57 B  0.50 AB 
SL -2  0.08 a  0.04 A  0.04 A 
SL -3  0.64 A  0.66 A  0.60 A 
*41112N$ =WIN COCK ROW roliAmo IT TIC SAMO LOTT= ARE NOT  CANT= DIORINT (Vm0.05)
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APPENDIX TABLE A-66: Cultural growth rates of mycorrihsal
 
fungal isolates.
 
ISOLATE  RADIAL GROWN/  MONTI?  (Ns isur mum) 
(MM/MAAA)  3 MEEKS  6 MSS 
I 
Am-1  3.90 c  1.40 A  1.74 A 
AM-2  0.90 A  1.67 A  2.45 AB 
AK-3  0.37 A  2.61s  3.55 B 
AK-4  1.25 B  1.36 A  1.97 A 
LL-1  2.00 c  2.93 is  3.78 sc 
LL-7  0.65 B  1.75 A  2.63 A 
Lt-11  0.10 A  4.76 A  5.42 D 
LL -14  0.23 A  1.55 A  2.80 A 
LL-17  0.27 A  1.90 A  3.01 AB 
LL-19  4.89 D  2.27 s  4.22 c 
Rv-1  0.05A  0.94A  1.90A 
Rv-2  0.58 A  1.25 A  2.52 AB 
Rv-3  2.07 c  2.41 BA  4.75 D 
Rv-4  0.32A  1.04A  2.708 
Rv-5  5.48 s  2.17 B  3.67 c 
Rv-6  4.63 DX  2.86 c  4.92 D 
Rv-8  1.47 B  2.10 a  4.44 D 
Rv-9  3.20 D  1.83 AS  3.50 c 
PT-1  8.41 A  3.24 A  5.80 A 
PT-2  13.73A  3.75A  6.42A 
Mc-1  4.38 B  35.66 A  31.32 A 
Sc-2  0.53 A  0.30 A  0.47 A 
Bs-1  2.48 Is  24.56 B  16.21 AB 
Bs-2  1.03 A  2.15 A  6.48 A 
Bs-3  3.51 c  3.09 A  3.50 AB 
CI-1  3.75 B  3.15 sc  6.23c 
CI-2  2.42A  2.01 AS  5.11s 
C-3  1.67A  1.55A  3.57A 
Ss-1  1.27 A  1.93 AB  3.65 A 
Ss-2  4.30 A  2.69 is  5.89 s 
Ss-3  3.87 A  2.44 is  5.10 is 
Ss-4  1.96 A  1.08 A  3.21 A 
St-1  0.92 AB  1.47 A  2.66 A 
Si. -3  0.64 A  1.22 A  3.20 A 
*MANS WITHIN EACH SPECIES FOLLOWED BY TIE SANE LEITERAOK NOT SIGNIFICANTLY DIFFERENT
 
0=0.05)
 
I AVERAGE RADIAL GROWTH RATE OF FUNGI GROWN ON SOLID 1.24N (N=20)  .
 
AVERAGE DRY WEIGHT OF MYCELIUM OF FUNGI GROWN IN LIQUID NMI (N=10)AT 3 AND 6 moms.
 
2 